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The mechanisms involved in the normal developmental 
regulation of globin gene expression, and the response 
to pharmacological agents that elevate fetal hemoglobin, 
may be expected to involve either changes in each cell or 
a selection process affecting subsets of differentiating 
erythroid cells. To study these mechanisms we have 
developed assays to measure mRNA levels in single 
erythroid cells. The * assay* involved the use of 
globin-specif ic probes, with no detectable 



cross-reactivity, in real-time, fluorescence- based 
quantitative PCR (Q-PCR), We had previously used this 
Q-PCR method to measure globin mRNA levels in cultures 
of primary erythroid cells demonstrating that drugs like 
hydroxyurea, 5-azacytidine and butyric acid each yielded 
increases in gamma/( gamma + ss) mRNA ratios, with 
differential effects on ss-globin levels. We have now 
extended this approach to measure globin mRNA levels 
in single K562 cells, a human erythroleukemic cell line, 
with and without 30 Amgr;M *hemin* treatment. 
* Hem in* exposure increases total hemoglobin levels by 
approximately 9-fold and total alpha-, varepsilon- and 
*gamma*- *globin* mRNA levels by 1.5-2.3-fold. Single 
cell analyses showed initial wide distributions of each 
of the three individual globin mRNA levels with most cells 
having detectable but very low levels of each globin 
transcript. * Hem in* * induct ion* shifted the distributions 
to higher levels, with a tendency to residual left 
skewing as some cells remained with very low expression 
levels despite the effect of *hemin* in increasing 
expression in most of these low expressing cells. 
Thus transcriptional heterogeneity remains a crucial 
variable, even in this extensively used model of human 
erythroid biology, and clearly influences strongly the 
response to inducing agents. These methods may enable 
us to define better possible molecular and/or cellular 
models of globin gene modulation. 
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Factor binding to the human *gamma*-*globin* gene 
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We have examined factor binding to the distal 
human *gamma*- *globin* CCA AT site and three 
naturally occurring hereditary persistence of fetal 
haemoglobin (HPFH) mutations of this site. Factor 
binding was examined using nuclear extracts from the 
erythroleukaemic cell lines K562 and MEL, and from A4 
cells, a non-transformed mouse bone marrow stem cell 
line, using the electrophoretic mobility shift *assay*. 
Under standard binding conditions, in addition to the 
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previously reported binding by a CCA AT factor (CP1) and 
GATA-1, the wild-type (wt) sequence bound high mobility 
factors which appeared to be GATA-Z isof orms. 
However, when the non-specific competitor conditions 
were varied, the binding profile with K562, but not MEL 
nuclear extract, was substantially altered. CP1 and 
GATA-l were absent, and two new factors were 
detected, one of which bound preferentially to the 
Greek and Japanese non-deletion HPFH mutants. 
However, binding by the GATA-2 isof orms to the wt 
sequence was maintained with both cell types, as it 
was using the A4 cell line. With modified binding 
conditions, in A4 cells the two non-deletion and the Black 
deletion HPFH mutants each had a different protein 
binding profile which was lost on erythroid induction* of 
the cells. We discuss the possibility that the GATA-2 
isof orms bound to the wt sequence may function to 
suppress wt gamma gene expression in the bone marrow. 
Additionally, those factors which bind preferentially 
either to the deletion or non-deletion HPFH mutants may 
play positive roles in establishing an active chromatin 
structure. ? *******ds 
?ds 
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Blood is drawn into capillary tubes containing saponin 
and the tubes placed into the reagent packs. 
Hemoglobin is denatured by mixing the hemosylate with 
a reagent containing lithium hydroxide and a non-ionic 
detergent. The absorbance is measured bichromatically at 
wavelengths of 577 and 633 nm. The calibration curve is 
stable and can be stored for at least 30 days. There 
are no interferences from * fetal* *hemoglobin*, 
glycosylated hemoglobin (20 percent), hemoglobin S, 
samples with hematocrits up to 0.55, paraproteins, and 
lipemia. Specimens with rouleau formation, nucleated 
and fragmented red blood cells, target cells, 
ovalocytes, teardrop cells, spherocytes, leukocyte counts 
of 29 X 10(9) per L and reticulocyte counts of 0.32; 
Howell- Jolly bodies did not interfere with the *assay*. 
The within run and between run precision gave average 
coefficient or variations of 2.3 and 1.9 percent, 
respectively. Comparison of the hemoglobin results 
obtained in 149 samples with the Vision (y) and Coulter 
Counter System (x) gave r = 0.987, Y = 1.01X - 1.89 g per 
L. 
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Identification and quantitation of embryonic and 
three types of *fetal* *hemoglobin* produced on 
induction of the human pluripotent leukemia cell line 
K-562 with *hemin*. 
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The hemoglobins synthesized by the pluripotent K-562 
leukemia cell line of human origin after induction with 
*hemin* have been isolated by DEAE-cellulose 
chromatography and characterized by electrophoresis, 
high pressure liquid chromatography, and a 
radio immunological *assay*. Six hemoglobin zones have 
been observed with the following likely compositions. Zone 
1: alpha 2 epsilon 2, or HB Gower-2; zone 2: zeta 2 



MEDLINE 1/16/03 



page 2 



epsilon 2, or HB Gower-1; zone 3: zeta 2 gamma 2, or HB 
Portland-I; zone 4: Hb F, or alpha 2 gamma 2; zone 5: a 
mixture of acetylated HB Portland-I and Hb F; zone 6: 
Hb Bart's, or gamma 4. The embryonic Hbs (zones 1, 
2, and 3) constituted 50%-75% of the total Hb present; 
the quantities varied from one experiment to the other. 
Both Hb Gower-1 and Hb Gower-2 were present. The 
gamma chain was heterogeneous and contained the G 
gamma, A gamma I, and A gamma T types in a ratio of 
about 4:2:1, indicating a heterozygosity for the lie leads 
to Thr substitution at position gamma 75. The 
methodology used can be applied for additional studies 
evaluating quantitative changes in Hb types due to in vitro 
manipulations. 
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Reactivation of *f etal* * hemoglobin* genes has been 
proposed as a potential therapeutic procedure in 



patients with beta-thalassemia, sickle cell disease, or 
other beta-hemoglobinopathies. In vitro model systems 
based on small plasmid globin gene constructs have 
previously been used in human and mouse 
erythroleukemic cell lines to study the molecular 
mechanisms regulating the expression of the fetal 
human globin genes and their reactivation by a variety of 
pharmacologic agents. These studies have led to great 
insights in globin gene regulation and the identification of 
a number of potential inducers of *fetal* *hemoglobin*. 
In this study we describe the development of enhanced 
green fluorescence protein (EGFP) reporter systems 
based on bacterial artificial chromosomes (EBACs) to 
monitor the activity of the epsilon-, (G)gamma-, 
(A)gamma-, delta-, and beta-globin genes in the 
beta-globin locus. Additionally, we demonstrate that 
transfection of erythro leukemia cells with our EBACs 
is greatly enhanced by expression of EBNA1, which 
also facilitates episomal maintenance of our constructs 
in human cells. Our studies in human cells have shown 
physiologically relevant differences in the expression of 
each of the globin genes and also demonstrate that 
*hemin* is a potent inducer of EGFP expression from 
EGFP-modif ied epsilon-, (G)gamma-, and (A) 
*gamma*-*globin* constructs. In contrast, the 
EGFP-modif ied delta- and beta-globin constructs 
consistently produced much lower levels of EGFP 
expression on *hemin* induction, mirroring the in vivo 
ontogeny. The EGFP-modif ied beta-globin eukaryotic 
BAC (EB AC) vector system can thus be used in 
erythro leukemia cells to evaluate induction of the 
epsilon- and *gamma*-*globin* genes from the intact 
human beta-globin locus. 
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Despite considerable concerns with pharmacological 
stimulation of * fetal* *hemoglobin* (Hb F) as a 
therapeutic option for the beta-globin disorders, the 
molecular basis of action of Hb F-inducing agents 
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remains unclear. Here we show that an intracellular 
pathway including soluble guanylate cyclase (sGC) and 
cGMP-dependent protein kinase (PKG) plays a role in 
induced expression of the *gamma*-*globin* gene. sGC, 
an obligate heterodimer of alpha- and beta-subunits, 
participates in a variety of physiological processes by 
converting GTP to cGMP. Northern blot analyses with 
erythroid cell lines expressing different beta- 1 ike globin 
genes showed that, whereas the beta-subunit is 
expressed at similar levels, high-level expression of 
the alpha-subunit is preferentially observed in 
erythroid cells expressing *gamma*- *globin* but not 
those expressing beta-globin. Also, the levels of 
expression of the *gamma*-*globin* gene correlate to 
those of the alpha-subunit. s&C activators or cGMP 
analogs increased expression of the *gamma*-*globin* 
gene in erythroleukemic cells as well as in primary 
erythroblasts from normal subjects and patients 
with beta-thalassemia. Nuclear run-off assays showed 
that the s&C activator protoporphyrin IX stimulates 
transcription of the *gamma*-*globin* gene. 
Furthermore, increased expression of the 
*gamma*-*globin* gene by well known Hb F- inducers 
such as *hemin* and butyrate was abolished by inhibiting 
s&C or PKG activity. Taken together, these results 
strongly suggest that the sGC-PKG pathway 
constitutes a mechanism that regulates expression of 
the *gamma*-*globin* gene. Further characterization 
of this pathway should permit us to develop new 
therapeutics for the beta-globin disorders. 
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N-Ethyl, N- nitrosourea (ENU) was used as a probing 
agent in conjunction with a modified ligation-mediated 
polymerase chain reaction in a new in vivo f ootprinting 
procedure. In the present work, we examined the 
promoter region of the human *gamma*-*globin* gene 
under both uninduced and *hemin* -induced conditions in 
K562 cells. In the course of comparing this method with 



the standard dimethyl sulfate (DMS) in vivo method and 
previously reported results, we were able to verify 
our new method. However, discrepancies between these 
methods were observed at the stage selector element, 
-50 region, of *gamma*-*globin* promoter. Our in vivo 
footprinting result showed DNA-protein interaction at 
this region under the *hemin* -induced condition which 
was not revealed by the conventional DMS in vivo 
footprinting method. This approach, using 
ENU-modif ied in vivo footprinting, is now being applied 
to clarify the mechanism of cytotoxic drug- induced 
*fetal* *hemoglobin* augmentation. Copyright 1997 
Academic Press. 
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There are numerous similarities between the erythroid 
and megakaryocytic lineages which suggest that 
commitment to either lineage occurs relatively late in 
hematopoiesis. Commitment toward megakaryocyte 
development requires obligatory silencing of 
erythroid-specif ic genes. Therefore, we investigated 
the effects of interleukin-6, a known inducer of 
thrombocyte production, on globin gene expression 
during erythroid differentiation. Studies in K562 cells 
demonstrated inhibition of *gamma* *globin* gene mRNA 
production and chain biosynthesis in the presence of 
exogenous interleukin-6 which was abrogated by 
anti-interIeukin-6 monoclonal antibody. Similar studies 
in primary erythroid progenitors showed inhibition of 
burst-forming unit-erythroid colony formation when 
interleukin-6 was added late in cultures with 
decreased gamma and beta globin gene mRNA 
production. Protein binding studies demonstrated an 
increase in activator protein-1 binding to its consensus 
sequence by 24 h of interleukin-6 treatment. Inhibition of 
activator protein-1 gene activity had no effect on 
gamma gene silencing by interleukin-6. A potential 
interleukin-6 response element was identified in 
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the *gamma* *globin* gene. Intcrlcukin-6 treatment 
led to a rapid increase in protein binding to the target 
DNA sequence. These results suggest that inter leu kin- 6 
may play an important role in globin gene silencing during 
megakaryocytic lineage commitment. 
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Modulation of globin gene expression in cultured 
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transcriptional and posttranscriptional regulation by 
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We are interested in the genetic mechanisms whereby 
several classes of drugs increase *fetal* *hemoglobin* 
(HbF) in patients with sickle-cell anemia or 
beta-thalassemia. Recently, we have shown (Kollia et al., 
Proc. Natl. Acad. Sci. U.S.A. 93: 5693, 1996) that 
cultured primary human adult erythroid cells (hAEC) 
offer a useful model for the study of transcriptional and 

posttranscriptional regulation of globin gene 
expression. We have found also that *hemin* markedly 
increases HbF levels in these cells. We report here the 
effect of *hemin* on globin gene transcription and RNA 
processing in hAEC. Quantitative reverse 
transcriptase-polymerase chain reaction analysis 
showed that the *gamma*-*globin* message levels in 
the cytoplasm and nucleus were increased two-fold by 
*hemin* . In the untreated cells, only spliced 
gamma-transcripts were detected in the cytoplasm, 
indicating that only completely processed gamma-RNA is 
transported to the cytoplasm, whereas approximately 
half of the nuclear *gamma*-*globin* RNA transcripts 
were unspliced. After treatment with *hemin* , 
correctly spliced gamma-transcripts increased in the 
cytoplasm and nucleus, while the unprocessed 
gamma-transcripts decreased in number in the nucleus. 
We also studied epsilon-globin RNA transcripts; in the 
cytoplasm of untreated cells, only correctly processed 
transcripts were present, whereas the nuclear 
epsilon-globin RNA transcripts were unspliced. In 
*hemin* -induced cells, unspliced nuclear 
epsilon-transcripts decreased in number. In contrast to 
the gamma- and epsilon-globin genes, the levels of 



full-length, correctly spliced beta-globin message are 
not affected by *hemin* . Nuclear run-on transcription 
assays confirmed the increase in the rate of transcription 
of gamma- and epsilon-globin genes in *hemin* -treated 
versus untreated hAEC. These results indicate that 
*hemin* affects the expression of embryonic and fetal 
globin genes by acting both at the transcriptional and 
posttranscriptional levels. These results may be relevant 
to the action of other agents that affect the hemoglobin 
phenotype of human erythroid cells. 
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Erythropoiesis is increased in cultures of human blood 
progenitors when oxygen tension is reduced from 20% 
(room air) to 5% (low oxygen, closer to physiological bone 
marrow levels). The effects of low oxygen on *gamma* 
-*globin* synthesis and colony growth in methyl cellulose 
cultures of blood mononuclear cells from normal 
individuals and patients with sickle cell diseases were 
examined. Low oxygen increased colony numbers by 1.5- to 
2-fold and erythropoietin sensitivity by almost 2-fold. 
The interval required for maximal colony growth in 
cultures from patients with sickle cell disease (sickle 
colonies) was reduced from 17 days in 20% oxygen to 13 
days in 5% oxygen. Relative synthesis of 
*gamma*-*globin* was examined by labeling with 
3H-leucine and electrophoresis on Triton acid urea 
polyacrylamide gels. The % gamma was 1.7-fold higher in 
normal and 1.4-fold higher in sickle cultures on day 13 in 
low oxygen. On day 16 the expected temporal decline 
was not seen in low oxygen, and the % gamma was 2-fold 
higher in normal and 1.8-fold higher in the sickle 
studies. *Hemin* increased colony growth and 
*gamrna*-*globin* synthesis in normal cultures in air, 
and the effects of *hemin* and low oxygen were 
additive. In sickle cultures, *hemin* and low oxygen had 
additive effects on colony growth, but only low 
oxygen increased *gamma*- *globin* synthesis. 
Interleukin-3 increased colony numbers on day 13, 
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primarily by acceleration of peak growth. InterIeukin-3 
also increased *gamma*-*globin* synthesis in low oxygen 
in normal but not sickle cultures. Thus, low oxygen 
increases in vitro sensitivity to erythropoietin, 
colony numbers, and relative *gamma*-*globin* 
synthesis in normal and sickle cultures. 
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Various chemicals which are known to have 
positive effects on differentiation of some erythroid 
cell lines were tested on a human chronic myelogenous 
leukemia cell line, KU-812F. Succinic acid, 
5-azacytidine, daunomycin, and *hemin* showed a 
positive effect. Among them, *hemin* and 
5-azacytidine were the most effective inducers for 
erythroid differentiation of KU-812F cells. 
Dimethylsulf oxide, cytosine arabinofuranoside, and 
sodium n-butyrate showed no effect. In addition, 
subclone KU-812F/33 derived from the KU-812F cell line 
showed differential expression of the beta- and 
*gamma*-*globin* genes in the \ireser\ce of either 2 
microM 5-azacytidine or 40 microM *hemin*. 
Hemoglobin synthesis in differentiated KU-812F/33 
cells was analyzed by isoelectric focusing gel 
electrophoresis, and SI mapping analysis of beta- and 
*gamma*-*globin* mRNA was performed. After 
treatment with 5-azacytidine, the beta-globin gene 
expression was predominantly enhanced (18.75-fold 
higher level of beta-globin mRNA). After treatment 
with *hemin*, the most notable increase was in the 
*gamma*-*globin* gene expression (1.83-fold higher level 
of *gamma*-*globin* mRNA), while no increment of 
beta-globin was observed. 
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Nuclear extract of human erythro leukemic cell line K562 
contains a 70 kDa protein which is gradually reduced when 
cells are induced to express globin genes by 25 microM 
*hemin* . When globin synthesis was inhibited by 
cycloheximide (100 micrograms/ml) or Actinomycin D (1 
microgram/ml), the disappearance of this protein was 
prevented. The 70 kDa nuclear protein exhibited strong 
binding to G gamma and A *gamma* *globin* 
promoters but not to beta-globin promoter. This 
suggests that this 70 kDa nuclear protein may be 
involved in the regulation of fetal globin gene expression. 
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Regulation of the human fetal (*gamma*) *globin* 
gene and a series of mutant *gamma*-*globin* genes 
was studied after retroviral transfer into erythroid 
cells with fetal or adult patterns of endogenous globin 
gene expression. Steady-state RNA from a viral ly 
transferred A *gamma*-*globin* gene with a normal 
promoter increased after induction of erythroid 
maturation of murine erythro leukemia cells and 
comprised from 2% to 23% of the mouse beta maj-globin 
RNA level. RNA expression from the viral ly transferred A 
*gamma*-*globin* gene comprised 23% of the 
endogenous & gamma- + A *gamma*-*globin* expression 
in K 562 cells after treatment with *hemin*. Expression 
from a viral ly transferred gamma- or beta-globin gene 
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exceeded endogenous gamma- or beta-globin expression 
by a factor of 6 or more in the human erythro leukemia 
line KMOE, in which the endogenous globin genes are 
weakly inducible. In these experiments, no difference in 
expression was observed between the gene with the 
normal promoter and an A *gamma*-*globin* gene with a 
point mutation in its promoter (-196 C-to-T) that has 
been associated with hereditary persistence of 
*fetal* "hemoglobin* (HPFH). To test for cis-acting 
determinants located within the introns of the 
*gamma*-*globin* gene, expression was measured from a 
set of *gamma*-*g!obin* genes configured with either 
intron alone or with neither intron. In contrast to an 
intronless beta-globin gene, which is not expressed in 
MEL cells, the intronless *gamma*-*globin* gene was 
expressed in MEL cells at 24% of the level of an 
intron-containing gene.(ABSTRACT TRUNCATED AT 250 
WORDS) 
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We performed high-resolution mapping studies 
of the DNAse I-hypersensitive sites located just 5' 
to the human G gamma- and A *gamma*-*globin* genes 
of K562 erythroleukemia cells, in which these genes 
are constitutively expressed at low levels. This analysis 
revealed that the hypersensitive site extends from 
approximately -210 +/- 5 to -25 +/- 5 base pairs (bp) 
upstream from the transcription initiation site. Within 
this region, a GC-rich region located between the 
proximal CCA AT box and the TATA box is 
particularly accessible to nuclease digestion; however, 
the 5' end of the hypersensitive site is less 
accessible to nucleases. The pattern of DNAse I cleavage 
does not change on either strand with *hemin* induction 
of K562 cells, which increases the rate of 
*gamma*-*globin* gene transcription about threefold. 
The region within the hypersensitive site includes all the 
consensus promoter elements of the *gamma*-*globin* 
genes as well as an oc tamer sequence located between 
-182 and -175, and a region associated with a variety of 



mutations that may cause hereditary persistence of 
*fetal* "hemoglobin* (HPFH). 
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Induction of globin gene expression in KMOE cells 
derived from a patient with acute erythremia was 
studied by Northern blot and SI analysis. KMOE cells 
exposed to cytosine arabinofuranoside (Ara-C) 
synthesized beta-globin gene transcripts, however, in 
the presence of *hemin* *gamma*- *globin* gene 
transcripts. An increase in alpha-globin gene transcripts 
was also detectable in KMOE cells treated with both 
Ara-C and *hemin*. Upon exposure to *hemin* after 
exposure to Ara-C, or exposure to Ara-C after *hemin*, 
there was a 5-10-fold increase in *gamma*- *globin* 
gene transcripts compared to that of cells induced 
by*hemin* alone. Neither epsilon nor zeta globin 
transcripts were detected. The KMOE cell line, 
therefore, exhibits phenotypic properties of adult and 
fetal erythroid cells. 
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Long-term cultures of K562(S) cells in 50-75 microM 
*hemin* allow the selection of '*hem in* -resistant' K562 
cells together with cells which proliferate efficiently 
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while fully induced to express the human embryonic globin 
genes, as the hemoglobin Gower 1 (zeta 2 epsilon 2) 
is the predominant hemoglobin produced. Our 
experiments demonstrate that these K562 cells 
accumulate mostly epsilon-globin mRNA (epsilon-globin 
mRNA/ *gamma*-*globin* mRNA = 2.9) suggesting 
that the control of hemoglobin expression is at a 
pretranslational level. 
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The cellular origin of the K 562 cell line, established 
from a patient in the blast crisis of chronic myeloid 
leukemia has been investigated. In agreement with 
previous reports, an erythroid differentiation was 
observed. A minority of immature, but hemoglobinized 
erythroblasts were identified both by electron 
microscopy and by immunofluorescence using an antibody 
to *gamma*-*globin* chains. Embryonic and *fetal* 
*hemoglobin* (Hb) were synthesized. * Hem in* increased 
the number of erythroblasts as well as the absolute 
amount of Hb synthesized: the Hb pattern was also 
significantly modified. By cytochemical ultrastructural 
detection of peroxidase activity (PA), a weak PA, 
distinct from granulocytic peroxidases, was found 
exclusively in the nuclear envelope and rough 
endoplasmic reticulum in a small number proportion of 
cells. In its localization this PA resembled that of 
normal and leukemic promegakaryoblasts. The addition 
of sodium butyrate or dimethylformamide markedly 
increased the number of these cells (up to 30%) but did 
not modify their cytoplasmic maturation. No modification 
of Hb synthesis was observed. Cloning of the K 562 line 
revealed a marked heterogeneity from one clone to 
another in Hb production, in the phenotype of Hb 
synthesis, and in the inducibility by butyrate or 
dimethylformamide. An inverse relationship between the 
number of cells with PA and Hb production was found in 
the different clones. Recloning some of these primary 
clones resulted in secondary clones, which displayed 
properties similar to those from which they had 
originated. All attempts to obtain granulocytic 
differentiation by addition of different inducers failed. 



These results clearly indicate that the K 562 cell line 
arises from the proliferation of bipotent stem cells, 
these cells possessing variable capacities of 
differentiation toward erythroid and presumably 
megakaryocytic cell lineages. 
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ABSTRACTShort-chain fatty acids (C2-C9) 
* induce* * fetal* *hemoglobin* synthesis in primary 
cell cultures, primates, and patients. We carried out 
experiments to test whether relationships exist between 
chemical structure and the Hb F-inducing potential of 
several short-chain fatty acid derivatives. BFUe 
cultures were performed in the presence of propionic and 
butyric congeners, covering the full spectrum of 
substitutions of these molecules, including polar and 
non-polar groups, esters, and double bonds. We found 
that the*fetal* *hemoglobin* *inducibility* is related 
to the chemical structure of the inducing compound. This 
structure-activity relation depends on the length of 
carbon chain, the nature of the substitutions, and the 
position of more potent substitutions on the carbon 
chain. It appears that substitutions enhancing the 
inducibility of these compounds are (with decreasing 
potency): methyl > phenyl > hydroxy » amino groups. 
Placement of these substitutions at a position distal to 
the carboxyl group enhances *gamma*-globin 
*inducibility*. Presence of the carboxyl group is 
prerequisite for *gamma*-globin *inducibility*. 
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This study was designed to determine if low doses 
of oral sodium phenylbutyrate (SPB) induce hemoglobin F 
(HbF) synthesis in children with hemoglobin SS (HbSS). 
We treated 8 children with HbSS over a period of 5-30 
weeks. The initial dose (1.0 g/d) was increased weekly 
(by 1.0 g/d) until F-reticulocytes doubled. All patients 
showed an increase in F-reticulocytes ( = 0.002) that 
was dose-dependent ( = 0.001). Three of 5 patients who 
continued oral SPB for more than 10 weeks had 
substantial increases in HbF. We conclude that lower 
dose SPB is effective in inducing HbF synthesis in some 



children with HbSS. Further trials are warranted to 
determine the optimal treatment regimen. 
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Valproate has been found to stimulate *fetal* 
*hemoglobin* (HbF) synthesis in patients with sickle cell 
disease. In accordance with these clinical observations, 
we found a moderate induction* of HbF synthesis in 
K562 erythroid cells in vitro. Investigation of the 
role of the mitogen-activated protein kinase (MAPK) 
pathways by Western blot analysis and use of specific 
kinase inhibitors suggests that inhibition of ERK pathway 
and activation of the p38 pathway may contribute 
to the HbF-inducing activity of valproate. Copyright 2002 
Wiley-Liss, Inc. 
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A number of pharmacological agents are currently 
available for the induction* of *f etal* *hemoglobin* 
(HbF) in patients with sickle cell disease and 
beta-thalassemia. Here we review the development of this 
new class of therapeutics and summarize the clinical 
trials that investigate their efficacy in patients with 
hemoglobin disorders. Hydroxyurea is the first of these 
drugs to be approved by the Food and Drug 
Administration for the treatment of sickle cell disease. 
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Currently, the major focus is the development of safer 
agents and combinations of drugs that can increase HbF 
to levels high enough to prevent all complications of the 
disease. Progress in adapting the same strategy to the 
treatment of thalassemic disorders has been much 
slower. Although all the agents that are effective in 
sickle cell disease have similar HbF- inducing activity in 
beta-thalassemia, their use has rarely resulted in 
significant amelioration of the anemia. More research 
and more effective agents will be needed to make a 
significant impact on thalassemia. Nonetheless, success 
in this relatively young field has been very gratifying; 
before the end of this decade, clinically meaningful 
* induction* of HbF may become an achievable goal in 
most patients with hemoglobin disorders. Copyright 2001 
by W.B. Saunders Company. 
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Recent clinical and experimental data suggest that 
nitric oxide (NO) may play a role in the pathogenesis and 
therapy of sickle cell disease. NO, a soluble gas 
continuously synthesized in endothelial cells by the 
NO synthase (NOS) enzyme systems, regulates basal 
vascular tone and endothelial function, and maintains 
blood oxygenation via hypoxic pulmonary vasoconstriction 
and reduced shunt physiology. These vital homeostatic 
processes may be impaired in sickle cell disease and 
contribute to its pathogenesis. Therapeutic NO 
inhalation exerts significant direct effects on the 
pulmonary vasculature to reduce pulmonary pressures 
and increase oxygenation that may prove beneficial in 
acute chest syndrome and secondary pulmonary 
hypertension. Delivery of NO bound to hemoglobin or in 
plasma may improve blood flow and hemoglobin 
saturation, and thus reduce ischemia-reperf usion 
injury. Other NO-related effects on adhesion molecule 
expression and *fetal* *hemoglobin* * induction* are 
of interest. While direct evidence for a clinical benefit 
of NO therapy in sickle cell disease has not been 
reported, studies are underway to determine if inhaled 
NO will reduce the substantial morbidity and mortality 



suffered by these patients. 
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Human leukaemic K562 cells can be induced in vitro 
to erythroid differentiation by a variety of chemical 
compounds, including haemin, butyric acid, 
5-azacytidine, cytosine arabinoside, mithramycin and 
chromomycin, cisplatin and cisplatin analogues. 
Differentiation of K562 cells is associated with an 
increase of expression of embryo-fetal globin genes, 
such as the zeta-, epsilon- and gamma-globin genes. The 
K562 cell line has been proposed as a very useful in vitro 
model system to determine the therapeutic potential of 
new differentiating compounds as well as to study the 
molecular mechanism(s) regulating changes in the 
expression of embryonic and *fetal* human globin genes. 
*Inducers* of erythroid differentiation stimulating 
gamma-globin synthesis could be considered for possible 
use in the therapy of haematological diseases associated 
with a failure in the expression of normal beta-globin 
genes. We have analysed the effects of tallimustine and 
distamycin on cell growth and differentiation of K562 
cells. The results demonstrated that tallimustine is a 
potent inducer, while distamycin is a weak inducer, of 
K562 cell erythroid differentiation. Erythroid 
differentiation was associated with an increase of 
accumulation of gamma-globin mRNA and of production of 
both haemoglobin (Hb) Gower 1 and Hb Portland. In 
addition, tallimustine-mediated erythroid * induct ion* 
occurred in the presence of activation of the apoptotic 
pathway. The reasons for proposing tallimustine as an 
*inducer* of *gamma* -globin gene expression are 
strongly sustained by the finding that this compound 
stimulates fetal haemoglobin production in human 
erythroid precursor cells from normal subjects. 
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Increased expression of *fetal* *hemoglobin* can 
ameliorate the clinical severity of sickle cell disease. 
Whereas temporary * induction* of *fetal* *hemoglobin* 
can be achieved by pharmacologic therapy, gene transfer 
resulting in high-level expression of the fetal 
gamma-globin gene may provide a permanent cure for 
sickle cell disease. We had previously developed a 
high-titer, genetically stable retroviral vector in which 
the human gamma-globin gene was linked to HS-40, the 
major regulatory element of the human alpha-globin 
gene cluster. Based on experience in transgenic mice, 
the truncated promoter of the gamma-globin gene of this 
vector should be active in adult erythroid cells. Our 
earlier studies demonstrated that this retroviral 
vector can give rise to high-level expression of the 
human gamma-globin gene in murine erythroleukemia 
(MEL) cells. We have now utilized this vector to 
transduce murine bone marrow cells that were 
transplanted into W/W(v) recipient mice. Analysis of 
transduction of murine BFU-e's in vitro and peripheral 
blood cells from transplanted mice in vivo 
demonstrated efficient transfer of the human 
gamma-globin gene. However, in contrast to the high level 
of expression of the human gamma-globin gene of this 
vector in MEL cells, the gene was completely silent in 
vivo in all transplanted mice. These observations confirm 
that all the necessary regulatory elements responsible 
for the developmental stage-specific expression of the 
human gamma-globin gene reside in its proximal 
sequences. They also emphasize the differences 
between gene regulation in MEL cells, transgenic mice, 
and retroviral gene transfer vectors. For this form of 
globin gene therapy to succeed, the proximal regulatory 
elements of the human gamma-globin gene may have to be 
replaced with different regulatory elements that allow 
the expression of the gamma-globin coding sequences in 
adult red cells in vivo. Copyright 2000 Academic Press. 
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Current chemotherapeutic and butyrate therapeutics 
that *induce* *fetal* *hemoglobin* expression 
generally also suppress erythropoiesis, limiting the 
production of cells containing *f etal* *hemoglobin* (F 
cells). Recently, selected short-chain fatty acid 
derivatives (SCFADs) were identified that * induce* 
endogenous *gamma* -globin expression in K562 cells 
and human burst-forming units-erythroid and that 
increase proliferation of human erythroid progenitors 
and a multilineage interleukin-3-dependent hematopoietic 
cell line. In this report, *gamma*-globin *inducibility* by 
these SCFAbs was further demonstrated in mice 
transgenic for the locus control region and the entire 
beta-globin gene locus in a yeast artificial chromosome 
and in 2 globin promoter-reporter assays. Conditioned 
media experiments strongly suggest that their 
proliferative activity is a direct effect of the test 
compounds. Investigation of potential mechanisms of 
action of these SCFADs demonstrates that these 
compounds induce prolonged expression of the 
growth-promoting genes c-myb and c-myc. Both butyrate 
and specific growth-stimulatory SCFADs induced 
prolonged signal transducer and activator of 
transcription (STAT)-5 phosphorylation and activation, 
and c-cis expression, persisting for more than 120 
minutes, whereas with IL-3 alone phosphorylation 
disappeared within minutes. In contrast to butyrate 
treatment, the growth-stimulating SCFADs did not result 
in bulk histone H4 hyperacetylation or * induct ion* of 
p21(Waf /Cip), which mediates the suppression of cellular 
growth by butyrate. These findings suggest that the 
absence of bulk histone hyperacetylation and p21 
induction*, but prolonged induction* of cis, myb, 
myc, and STAT-5 activation, contribute to the cellular 
proliferation induced by selected SCFADs. 
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The favorable effects of high levels of *fetal* 
*hemoglobin* (Hb F) in sickle cell disease have been 
recognized for several decades. This has been an 
important incentive for the development of therapeutic 
agents that increase Hb F production. 5-Azacytidine, 
the first such agent in clinical use, was proposed based 
on a molecular understanding of the role of DNA 
methylation in globin gene regulation. Controversy 
over the mechanism of Hb F * induction* by 
5-azacytidine led to the identification of hydroxyurea 
as another agent that can increase Hb F production. 
Although the clinical benefit of hydroxyurea has 
been demonstrated in a randomized clinical trial, greater 
increases in Hb F are clearly needed for optimal 
therapeutic effect. Butyrates also increase Hb F levels, 
and their use in combination with hydroxyurea 
appears to be synergistic. Now that multiple 
therapeutic agents are available for Hb F * induct ion* , 
the use of combination therapy to increase Hb F levels 
sufficiently to prevent all the complications of sickle 
cell disease has become a realistic goal. 
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Hydroxyurea (HU) *induces* *fetal* *hemoglobin* 
(Hb F) production in patients with sickle cell anemia. 
The therapeutic dosage of HU used for Hb F 
induction* often elicits myelosuppression, which becomes 
its major associated complication. We examined the 
effect of HU on hemoglobin modulation and the role of 
radical scavengers on these induced changes. In vitro 
exposure of human blood to various concentrations of HU 
at predetermined time intervals induced a progressive 
dose-dependent oxidation (MetHb formation) of both 
adult (Hb AA) and sickle (Hb SS) hemoglobins. The 
oxidative effect of HU on Hb SS was 3 times greater 
than its effect on Hb AA. Similar but less profound 
changes were observed in H202-treated samples, Hb F 
was, however, observed to be relatively resistant to 
HU-induced oxidative damage. A substantial protective 
effect of Hb by alpha-tocopherol, ascorbic acid, and 
D-mannitol was observed during pretreatment of Hb 
A A and Hb SS blood samples. Analyses of the 
hemoglobins and their globin chain components by 
high-performance liquid chromatography revealed a 
considerable protective effect by these free radical 
scavengers. These results indicate that the HU-induced 
damage of hemoglobin and their component globin 
chains can be reduced by radical scavengers. 
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Hydroxyurea (HU) is a widely used cytotoxic agent 
that is known to *induce* *fetal* *hemoglobin* (HbF) 
production and is presently used to ameliorate the 
severity of pain episodes in patients with sickle cell 
anemia (HbSS). Previously we have shown that HU 
inhibits growth of burst forming unit-erythroid (BFU-E) 
colonies in a dose-dependent manner, while *fetal* 
*hemoglobin* levels were increased. In the present 
report, we extended our analysis demonstrating the 
number of S phase cells is significantly higher for 
HbSS patients that respond to HU therapy. Studies 
were completed in vitro using erythroid progenitors 
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derived from umbilical cord samples or peripheral 
blood from patients with HbS-hereditary persistence 
of *fetal* *hemoglobin* (HbS-HPFH) or HbSS disease. 
The effect of HU on (a) 5 phase erythroid progenitors, 
(b) BFU-E colony growth, (c) HbF levels in BFU-E 
colonies, and (d) total cellular RNA synthesis was 
analyzed in vitro for the three groups. The level of S 
phase erythroid progenitors was similar for all three 
groups and BFU-E colony growth was inhibited 
92-94% for all samples in a dose-dependent manner. 
The HbF levels were increased in BFU-E colonies from 
HbSS patients (control, 4.0% +/- 1.15% vs. +HU, 22.67% 
+/- 2.03%) whereas HbF levels were decreased in 
BFU-E colonies derived from umbilical cord samples 
(control, 80% +/- 9.07% vs. +HU, 35.7% +/- 4.81%) or 
HbS-HPFH patients (control, 49.67% +/- 3.84% vs. +HU, 
23.3% +/- 0.88%). Total RNA synthesis measured by 
3H-uridine incorporation increased with increasing 
concentrations of HU; however, actinomycin D 
inhibited HU-induced RNA synthesis. These results 
suggest that HU can inhibit an active globin gene without 
preference and that newly synthesized RNA is under 
transcriptional control mechanisms. 

13/3,AB/12 

DIALOG(R)File 155:MEDLINE(R) 

10901193 20458779 PMID: 11001887 

2-deoxy 5-azacytidine and *fetal* *hemoglobin* 
induction* in sickle cell anemia. 

Koshy M; Dorn L; Bressler L; Molokie R; Lavelle D; 
Talischy N; Hoffman R; van Overveld W; DeSimone J 

University of Illinois at Chicago, Chicago, IL, USA. 
mkoshy@uic.edu Blood (UNITED STATES) Oct 1 2000, 
96 (7) p2379-84, ISSN 0006-4971 Journal Code: 
7603509 

Document type: Journal Article 

Languages: ENGLISH 

Main Citation Owner: NLM 

Record type: Completed 

Augmentation of the *fetal* *hemoglobin* (HbF) 
levels is of therapeutic benefit in patients with sickle cell 
anemia. Hydroxyurea (HU), by increasing HbF, lowers 
rates of pain crisis, episodes of acute chest syndrome, 
and requirements for blood transfusions. For patients 
with no HbF elevation after HU treatment, 
augmentation of HbF levels by 
5-aza-2'-deoxycytidine (5-aza-CdR, decitabine) could 
serve as an alternate mode of treatment. Eight adult 
patients participated in a dose-escalating phase I/II 
study with 5-aza-CdR at doses ranging from 0.15 to 0.30 
mg/kg given 5 days a week for 2 weeks. HbF, F cell, 
F/F cell, gamma-globin synthesis ratio, complete blood 
count, and chemistry were measured. The average 
gamma-globin synthesis relative to non-alpha-glob in 



synthesis prior to therapy was 3.19% +/- 1.43% and 
increased to 13.66% +/- 4.35% after treatment. HbF 
increased from 3.55% +/- 2.47% to 13.45% ♦/- 3.69%. F 
cells increased from 21% +/- 14.8% to 55% +/- 13.5% and 
HbF/F cell increased from 17% to 24%. In the HU 
nonresponders HbF levels increased from 2.28% +/- 1.61% 
to 2.6% +/- 2.15% on HU, whereas on 5-aza-CdR HbF 
increased to 12.70% +/- 1.81%. Total hemoglobin 
increased by 1 g/dL in 6 of 8 patients with only minor 
reversible toxicities, and all patients tolerated the 
drug. Maximum HbF was attained within 4 weeks of 
treatment and persisted for 2 weeks before falling below 
90% of the maximum. Therefore 5-aza-CdR could be 
effective in increasing HbF in patients with sickle cell 
anemia who failed to increase HbF with HU. 
Demonstration of sustained F levels with additional 
treatment cycles without toxicity is currently being 
performed. 
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beta-Thalassemias are highly prevalent genetic 
disorders that can cause severe hemolytic anemia. 
The main pathophysiologic feature of 
beta-thalassemia is the accumulation of unpaired 
alpha-globin chains in erythrocyte precursors and red 
blood cells (RBCs). This accumulation alters cell 
membrane function and results in early cell 
destruction and ineffective erythropoiesis. Correction 
of globin chain imbalance through the * induction* of 
*f etal* *hemoglobin* (HbF) synthesis is a tentative 
therapeutic approach for this class of diseases. In 
short-term in vitro or in vivo assays, recombinant 
human erythropoietin increases the frequency of 
erythroid precursors programmed to HbF in humans 
and to beta-minor globin in mice. In contrast, 
long-term treatment of beta-thalassemic patients did 
not induce HbF significantly. We took advantage of 
highly efficient adeno-associated virus-mediated 
(AAV-mediated) gene transfer into mouse muscle to 
induce a robust and sustained secretion of mouse 
erythropoietin in beta-thalassemic mice, which represent 
a suitable model for human beta-thalassemia intermedia. 
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A 1-year follow-up of 12 treated animals showed a 
stable correction of anemia associated with improved 
RBC morphology, increased beta-minor globin synthesis, 
and decreased amounts of alpha-globin chains bound 
to erythrocyte membranes. More effective erythropoiesis 
probably accounted for a reduction of erythroid cell 
proliferation, as shown by decreased proportions of 
circulating reticulocytes and by reduced iron 59 ((59)Fe) 
incorporation into erythroid tissues. This study 
indicates that the continuous delivery of high amounts 
of autologous erythropoietin induced a sustained 
stimulation of beta-minor globin synthesis and a 
stable improvement of erythropoiesis in the 
beta-thalassemic mouse model (Blood. 
2000;95:2793-2798) 
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Pharmacologic agents such as hydroxyurea (HU), N, 3-4 
trihydroxybenzamide (didox), and isobutyramide (ISB) 
can elevate gamma-globin as a potential treatment for the 
beta-hemoglobinopathies. In these experiments, 
transgenic mice with 5"HS2 from the human beta-globin 
locus control region, the fetal (A gamma), and adult 
(beta s) globin genes were used. Mice were treated with 
HU, didox, or ISB individually, or with combinations of 
HU or didox with ISB. The aim was to determine 
whether these drugs have synergistic effects on the 
induction* of *fetal* *hemoglobin* (HbF) and whether 
the combination regimens are more hematotoxic. In the 
combination regimens, injections of HU or didox for 
five weeks were concomitant with ISB treatment every 
other day for the final three weeks of treatment. The 
combination of HU + ISB was more hematotoxic than 
the individual drugs based on significantly increased 
percentages of reticulocytes and reduced hemoglobin, 
indicating that caution should be taken in treatments 
involving combinations of these types of drugs. The 
didox + ISB combination was not more hematotoxic than 



the individual drugs. HbF was not induced in the groups 
treated with the combinations of HU or didox with ISB 
compared to the individual agents. There was a negligible 
effect on the percentage of HbF and an unexpected 
negative effect on the percentage of F cells. The results 
also have implications for future testing of HbF-inducing 
drugs in mouse models. In control mice that were 
phlebotomized but not treated with any drugs, increased 
percentages of F cells were observed, indicating that 
blood sampling can cause this effect. In addition, 
increases in the percentage of F cells did not correlate 
with increases in the percentage of HbF, indicating that 
monitoring F cells alone is not a sufficient measure of 
HbF induction*. 
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Peptide nucleic acids (PNAs) can bind to 
homopurine/homopyrimidine sequences of 
double-stranded DNA targets in a sequence-specific 
manner and form [PNAJ2/DNA triplexes with 
single-stranded DNA D-loop structures at the PNA 
binding sites. These D-loop structures have been 
found to have a capacity to initiate transcription in vitro. 
If this strategy can be used to induce transcription of 
endogenous genes, it may provide a novel approach for 
gene therapy of many human diseases. Human [beta] 
globin disorders such as sickle cell anemia and 
beta-thalassemia are very common genetic diseases that 
are caused by mutations in the beta-globin gene. When 
gamma-globin genes are highly expressed in sickle cell 
patients, the presence of high levels of *fetal* 
*hemoglobin* (HbF, alpha2gamma2) can compensate for 
the defective beta-globin gene product and such patients 
have much improved symptoms or are free of 
disease. However, the gamma-globin genes are 
developmental ly regulated and normally expressed at very 
low levels (>!%) in adult blood cells. We have 
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investigated the possibility of * inducing* *gamma*-globin 
gene expression with PNAs. Using PNAs designed to 
bind to the 5' flanking region of the *gamma* -globin 
gene, * induct ion* of expression of a reporter gene 
construct was demonstrated both in vitro and in vivo. 
More importantly, PNA-mediated * induct ion* of 
endogenous *gamma*-globin gene expression was also 
demonstrated in K562 human erythroteukemia cells. This 
result suggests that * induct ion* of *gamma* -globin 
gene expression with PNAs might provide a new 
approach for the treatment of sickle cell disease. 
PNA-induced gene expression strategy also may have 
implications in gene therapy of other diseases such as 
genetic diseases, cancer and infectious diseases. 
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High levels of *fetal* *hemoglobin* (Hb F) protect 
from many of the complications of sickle cell disease 
and lead to improved survival. Butyrate and other short 
chain fatty acids were previously shown to increase Hb 
F production in erythroid cells in vitro and in animal 
models in vivo. However, butyrates are also known to 
inhibit the proliferation of many cell types, including 
erythroid cells. Experience with the use of butyrate in 
animal models and in early clinical trials demonstrated 
that the Hb F response may be lost after prolonged 
administration of high doses of butyrate. We 
hypothesized that this loss of response may be a result of 
the antiproliferative effects of butyrate. We designed a 
regimen consisting of intermittent or pulse therapy in 
which butyrate was administered for 4 days followed by 
10 to 24 days with no drug exposure. This pulse regimen 
*induced* *fetal* globin gene expression in 9 of 11 
patients. The mean Hb F in this group increased from 



7.2% to 21.0% (P <.002) after intermittent butyrate 
therapy for a mean duration of 29.9 weeks. This was 
associated with a parallel increase in the number of 
F cells and F reticulocytes. The total hemoglobin levels 
also increased from a mean of 7.8 g/dL to a mean of 8,8 
g/dL (P <.006). The increased levels of Hb F were 
sustained in all responders, including 1 patient who has 
been on pulse butyrate therapy for more than 28 months. 
This regimen, which resulted in a marked and sustained 
increase in Hb F levels in more than two thirds of the 
adult sickle cell patients enrolled in this study, was 
well tolerated without adverse side effects. These 
encouraging results require confirmation along with an 
appropriate evaluation of clinical outcomes in a larger 
number of patients with sickle cell disease. 
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OBJECTIVE: Recombinant human erythropoietin (rhEPO) 
increases *fetal* * hemoglobin* synthesis in 
nonpregnant thalassaemic patients. We used rhEPO in 4 
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pregnant patients with heterozygous beta-thalassemia 
and anemia to study its effect on erythropoiesis, F 
cell production, and HbF synthesis. METHODS: 
Patients were treated with a combination therapy of 
rhEPO and iron. The effect on HbF synthesis was 
assessed by the percentage of F reticulocytes, F cells, 
and total HbF, erythropietis by reticulocyte count, and 
hemoglobin measurements and iron status by ferritin 
levels, transferrin saturation, and percentage of 
hypochromic red cells. RESULTS: RhEPO caused an 
increase of F reticulocytes (1.5 to 10.5 fold), F cells (5.0 
to 7.7 fold), and HbF (1.4 to 2.2 fold). All patients 
showed an increase of young, immature reticulocytes and 
had elevated reticulocytes at the end of therapy. 
Hemoglobin increased with a range from 0.3 to 1.5 g/dL 
Transferrin saturation and ferritin levels were normal 
at the end of the study. There was an increase of the 
percentage of hypochromic red cells, indicating 
functional iron deficiency after rhEPO administration 
despite supplemental iron. CONCLUSIONS: RhEPO 
stimulates both HbF synthesis and erythropoiesis in 
pregnant patients with heterozygous beta-thalassemia 
and anemia. Since it is known that high HbF levels 
ameliorate thalassemia symptoms in nonpregnant 
patients, use of rhEPO for the treatment of severe 
anemia in thalassaemic patients during pregnancy 
might be further evaluated. 
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Reactivation of silent fetal or embryonic genes could 
be used for the treatment of genetic diseases caused 
by mutations of genes normally expressed during the 
adult stage of development. A paradigm of this 
approach is the activation of *fetal* *hemoglobin* 
synthesis in adult individuals and its use in the 
treatment of beta chain hemoglobinopathies. The 
current understanding of the molecular control of the 
beta globin locus is reviewed, as are the cellular and 
molecular basis of induction* of *fetal* *hemoglobin* 
in the adult and the approaches used for stimulation of 



*fetal* *hemoglobin* synthesis in patients with beta chain 
hemoglobinopathies. 
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Pharmacological stimulation of *fetal* *hemoglobin* 
production is of considerable interest as an alternative 
approach to therapy for Cooley's anemia. While 
intravenous compounds have been effective in 
inducing short-term increases in *f etal* *hemoglobin* 
in a few patients, long-term elimination of transfusion 
requirement has not been reported. In patients with 
Cooley's anemia, treatment with oral sodium 
phenylbutyrate alone, sodium phenylbytyrate combined 
with hydroxyurea, and hydroxyurea alone, has augmented 
*fetal* *hemoglobin* production and increased total 
hemoglobin concentration as much as 5 g/dl over baseline 
eliminating transfusion requirement in two patients. 
Parallel declines in circulating nucleated red cell count, 
and concentrations of serum transform receptor and 
erythropoietin, are consistent with more effective 
erythropoiesis. Over extended periods of treatment, 
no * induct ion* of other *fetal* proteins and no adverse 
effects were observed. Particular disease mutations and 
other genetic factors may be of prime importance in 
determining the response to agents that * induce* 
production of *fetal* *hemoglobin*. 
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Patients with sickle-cell anemia treated with 
hydroxyurea may have significant reduction in frequency 
and severity of pain episodes. However, previous clinical 
trials show a variable response to hydroxyurea. Criteria 
which can be used to select patients who are likely 
to respond to hydroxyurea treatment would be useful. 
Our laboratory has previously demonstrated an inverse 
linear relationship between the total number of 
burst-forming unit-erythroid (BFU-E) colonies and 

*fetal* *hemoglobin* levels in sickle-cell patients 
treated with hydroxyurea. In the present report, an in 
vitro cell culture system was established to evaluate the 
effects of hydroxyurea on BFU-E colony growth and 
induction* of *fetal* *hemoglobin* production. Five 
Hb SS patients who were not previously treated with 
hydroxyurea and three Hb SS patients who failed to 
respond to hydroxyurea treatment were included in the 
study. The results show that the number of BFU-E 
colonies is decreased from 153.7 to 7.2 per 3 x 10(5) 
mononuclear cells, whereas *fetal* *hemoglobin* levels 
were increased from 5.1 to 19.4% in the presence of 
hydroxyurea in vitro in cultured erythroid progenitors, 
which were derived from 5 patients before treatment. 
The number of BFU-E colonies decreased from 153.7 to 
2.0 per 3 x 10(5) mononuclear cells in the in vitro cultures 
obtained from serial peripheral blood samples over a 9- 
to 20-week period of oral hydroxyurea therapy. A 
simultaneous rise in *fetal* *hemoglobin* level from 
10.2 to 28.6% in the peripheral blood over the same 
period of hydroxyurea therapy was also observed. 
Our results demonstrate that the increase in * fetal* 
*hemoglobin* levels in cells treated with hydroxyurea 
in vitro is comparable to the rise of *fetal* 
*hemoglobin* production following hydroxyurea therapy 
in these patients. On the contrary, these findings were 
not observed in three previously non-responsive 
sickle-cell patients. These results suggest that the 
changes in number of BFU-E colonies and *fetal* 
*hemoglobin* levels after in vitro exposure to 
hydroxyurea may be a useful approach to select sickle-cell 
patients who will respond to hydroxyurea therapy. 
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The search for, and discovery of, a physiologic 
model in which the developmentally regulated switch from 
fetal to adult glob in gene expression could be prevented 
has resulted in the development of a new class of 
therapeutic agents, consisting of simple fatty acids, such 
as butyric acid, for the treatment of the 
beta-hemoglobinopathies. Butyrate and related drugs 
stimulate fetal (gamma-) globin gene expression in 
erythroid cells cultured from patients, and in chicken, 
ovine, and primate animal models. The butyrates are 
perhaps the first c\ass of drugs designed to 
transcriptionally activate specific genes—in this 
particular case, to reactivate the developmentally 
silenced fetal globin genes. Phase I-II clinical trials 
resulting from this basic research have been initiated on 
a small scale during the past 3 years. Analysis of two 
butyrate-derived therapeutic agents, one delivered 
intravenously and one orally, has shown initial efficacy in 
stimulating *fetal* *hemoglobin* expression in 50% to 
85% of patients. Correction of the anemia from 
the beta-hemoglobinopathy has followed induction* of 
*fetal* globin, and has been adequate to eliminate the 
need for erythrocyte transfusions in some patients with 
beta-thalassemia. These compounds have been relatively 
safe and without generalized cytotoxicity in patients, 
but drug tolerance develops in some patients after 
prolonged therapy. Third-generation, small two- to 
five-carbon butyrate derivatives are in development. The 
molecular basis for butyrate action is being defined. 
Binding of putative regulatory proteins to a specific 
region of the gamma-globin promoter is altered in vivo in 
patients receiving butyrate therapy. Further analysis of 
the mode of action may contribute to development of 
other therapeutic agents designed to regulate gene 
transcription. 
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The short-chain fatty acid butyrate has been shown to 
elevate * fetal* *hemoglobin* (HbF) by * inducing* 
expression of the *gamma* -globin gene. Regulation of 
gene expression by butyrate is thought to proceed via 
inhibition of the enzyme histone deacetylase, leading 
to elevated levels of core histone acetylation which 
affect chromatin structure and transcription rates. To 
determine whether changes in histone acetylation are 
critical for the regulation of the gamma-globin gene, we 
tested three potent and specific inhibitors of histone 
deacetylase, the cyclic tetrapeptides trapoxin and 
Helminthsporium carbonum toxin (HC toxin), and the 
antifungal antibiotic trichostatin A for their ability to 
*induce* *fetal* *hemoglobin* expression in erythroid 
cells. These compounds *induced* *fetal* *hemoglobin* 
in both primary erythroid cell cultures and human 
erythro leukemia (K562) cells. A butyrate-responsive 
element spanning the duplicated CCAAT box region of the 
gamma-globin promoter has been identified in transient 
transfection assays using a reporter construct in K562 
cells, and we show that the same promoter region is 
required for response to trapoxin and trichostatin. 
Mutational analysis of the gamma-globin promoter 
indicates that the distal CCAAT box and 3' flanking 
sequence (CCAAT A&CC) is critical for activation by 
butyrate, trapoxin, and trichostatin, whereas the 
proximal element (CCAAT A&TC) plays a less important 
role. These results show that inhibition of histone 
deacetylase can lead to transcriptional activation of 
gamma-globin promoter reporter gene constructs 
through proximal promoter elements, and suggest that 
butyrate * induces* *gamma* -globin expression via such 
changes in histone acetylation. 
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Short-chain fatty acids, such as butyrate and 
propionate, are under investigation as therapeutic 
stimulants of *fetal* *hemoglobin* production in the 
beta-hemoglobin disorders. Significant limitations to 
these fatty acids and derivatives as optimal 
therapeutics are their rapid metabolism in vivo and their 
^induction* of cell growth arrest in the Gl phase of the 
cell cycle. This antiproliferative activity is related to 
their inhibition of metabolic transport pumps which are 
essential for cell proliferation. Other small carbon 
compounds, the phenylalkyl acids, phenoxyacetic acids, 
and phenylacetic acids, which are structurally 
resistant to oxidative metabolism, are shown here 
to *induce* *fetal* globin production in human erythroid 
cultures at concentrations of 0.2 mM, lower than those 
required for most other fatty acids. Certain of these 
compounds were found not to inhibit cellular neutral 
amino acid transport function in erythroid cells, nor to 
inhibit erythroid colony (Bfu-e) growth. Certain of 
these compounds even stimulated human Bfu-e 
proliferation in vitro beyond that induced by optimal 
concentrations of hematopoietic growth factors. The 
combination of increased fetal globin chain production 
by these compounds and their stimulatory effects on 
erythropoiesis result in an increase in Hb F-expressing 
erythroid cells in culture several-fold greater than that 
achieved by the butyrates. These new compounds thus 
have the potential to provide superior therapy for the 
beta-hemoglobinopathies and other anemias. 
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Butyrate, a four-carbon fatty acid, and its two-carbon 
metabolic product, acetate, are inducers* of *gamma* 
-globin synthesis. To test whether other short-chain 
fatty acids share this property, we first examined 
whether propionic acid, a three-carbon fatty acid that 
is not catabolized to acetate, *induces* *gamma*-globin 
expression. Sodium propionate increased the 
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frequency of *fetal* *hemoglobin* containing 
erythrob lasts and the gamma/gamma + beta mRNA 
ratios in adult erythroid cell cultures and F 
reticulocyte production in a nonanemic juvenile baboon. 
Short-chain fatty acids containing five (pentanoic), six 
(hexanoic), seven (heptanoic), eight (octanoic), and 
nine (nonanoic) carbons *induced* *gamma* -globin 
expression (as measured by increase in gamma-positive 
erythrob lasts and gamma/gamma + beta mRNA ratios) 
in adult erythroid burst-forming unit cultures. There 
was a clear-cut relationship between the concentration 
of fatty acids in culture and the degree of induction* of 
*gamma*-globin expression. Three-, four-, and 
five-carbon fatty acids were better inducers* of 
*gamma* globin in culture as compared with six- to 
nine-carbon fatty acids. These results suggest that all 
short-chain fatty acids share the property of 
*gamma*-globin gene *inducibility* . The fact that 
valproic acid, a derivative of pentanoic acid, also 
* induces* *gamma* -globin expression suggests that 
short-chain fatty acid derivatives that are already 
approved for human use may possess the property of 
*gamma*-globin *inducibility* and may be of therapeutic 
relevance to the beta-chain hemoglobinopathies. 
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Butyrate and its analogs have been shown to * induce* 
*fetal* *hemoglobin* in humans and primates and in 
erythroid cell cultures. To obtain insights concerning the 
cellular mechanisms of butyrate action, we analyzed the 
effects of butyrate on human globin gene expression in 
hybrids produced by fusing mouse erythroleukemia 
cells (MEL) with human fetal erythroid cells (HFE). 
These hybrids initially express human *f eta I* 
*hemoglobin* but subsequently switch to adult globin 
expression after several weeks in culture. We found that 
alpha-aminobutyric acid, a butyrate analog which does 
not induce terminal maturation, strikingly delays the rate 
of the gamma- to beta-globin gene (gamma-to-beta) 



switch in the HFE x MEL hybrids. The effect of butyrate 
on globin expression is transient, with the result that the 
delay of globin gene switching requires the continuous 
presence of this compound in culture. Furthermore, 
butyrate fails to *induce* *fetal* *hemoglobin* 
expression in hybrids which have switched, suggesting 
that the effect of this compound on gamma-globin 
expression is due to inhibition of gamma gene silencing 
rather than to * induct ion* of *gamma* gene 
transcription. Since in other cellular systems, 
glucocorticoids antagonize the action of butyrate, the 
effect of dexamethasone on the gamma-to-beta switch 
in HFE x MEL hybrids was examined. Dexamethasone 
strikingly accelerated the gamma-to-beta switch, and its 
effect was irreversible. The effects of dexamethasone 
and butyrate on the gamma-to-beta switch of the 
HFE x MEL hybrids appear to be codominant. These 
results indicate that steroids can have a direct effect on 
globin gene switching in erythroid cells. 

13/3,AB/27 

DIALOG(R)File 155:MEDLINE(R) 

08328015 95086232 PMID: 7527673 
alpha-Amino butyric acid cannot reactivate the silenced 

gamma gene of the beta locus YAC transgenic mouse. 
Pace B; Li Q; Peterson K; Stamatoyannopoulos G 
Department of Medicine, University of Washington, 

Seattle 98195. Blood (UNITED STATES) Dec 15 1994, 

84 (12) p4344-53, ISSN 0006-4971 Journal Code: 

7603509 

Contract/Grant No.: HL 20899; HL; NHLBI 
Document type: Journal Article 
Languages: ENGLISH 
Main Citation Owner: NLM 
Record type: Completed 

Butyric acid, a naturally occurring fatty acid, has 
been shown to increase *fetal* *hemoglobin* in BFUe 
cultures, in primates, and in patients with beta chain 
hemoglobinopathies. The precise mechanism of *gamma* 
gene induction* by butyrate is unknown. Butyrate may 
* induce* *fetal* *hemoglobin* production in vivo 
by reactivation of silenced gamma globin genes, by 
inhibiting the silencing of gamma genes, or by both 
mechanisms. We examined the effects of butyrate on 
gamma gene expression in transgenic mice carrying 
three types of constructs: microLCRA gamma mice, 
which continue to express the gamma gene in the adult 
stage of development at a level of one-third to one-fifth 
of the expression in the fetus; microLCRA gamma psi 
beta delta beta mice, which display correct 
developmental regulation of gamma and beta human 
globin genes and have low level gamma globin expression 
in the adult; and beta locus YAC mice, which display 
correct developmental regulation of epsilon, gamma, and 
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beta globin genes and have a totally silenced gamma gene 
in the adult stage. Animals were treated with a continuous 
infusion of alpha-amino butyric acid (alpha-ABA) for 7 
days. In microLCRA gamma mice alpha-ABA produced up 
to a 43-fold induction* of *gamma* and 9-fold 
induction* of mouse alpha globin genes. In contrast, 
butyrate did not *induce* *gamma* globin expression in 
the beta locus YAC mice. However, the gamma globin 
genes of beta locus YAC mice were activated after 
administration of 5-azacytidine (5-azaC), and the level 
of gamma globin expression was further increased by 
administration of alpha-ABA. These results suggest 
that butyrate cannot reactivate a totally silenced 
*gamma* gene and that * induction* of *fetal* 
*hemoglobin* by this compound may require the 
presence of preactivated gamma globin genes. 
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Butyrate induces* *fetal* *hemoglobin* (HbF) 
synthesis in cultures of erythroid progenitors, in 
primates, and in man. The mechanism by which this 
compound stimulates gamma-globin synthesis is unknown. 
In the course of butyrate catabolism, beta oxidation 
by mitochondrial enzymes results in the formation of 
two acetate molecules from each molecule of butyrate. 
Studies were performed to determine whether 
acetate itself induces HbF synthesis. In erythroid 
burst-forming unit (BFU-E) cultures from normal 
persons, and individuals with sickle cell disease and 
umbitical-cord blood, dose-dependent increases in 
gamma-globin protein and gamma mRNA were 
consistently observed in response to increasing acetate 
concentrations. In BFU-E cultures from normal adults 
and patients with sickle cell disease, the ratio of 
gamma/gamma + beta mRNA increased twofold to fivefold 
in response to acetate, whereas the percentage of BFU-E 
progeny staining with an anti-gamma monoclonal 



antibody (MoAb) increased approximately twofold. 
Acetate-* induced* increases in *gamma*-gene expression 
were also noted in the progeny of umbilical cord blood 
BFU-E, although the magnitude of change in response to 
acetate was less because of a higher baseline of 
gamma-chain production. The effect of acetate on HbF 
* induction* in vivo was evaluated using transgenic mouse 
and primate models. A transgenic mouse bearing a 
2.5-kb mu locus control region (mu LCR) cassette linked 
to a 3.3-kb A gamma gene displayed a near twofold 
increase in gamma mRNA during a 10-day infusion of 
sodium acetate at a dose of 1.5 g/kg/d. Sodium acetate 
administration in baboons, in doses ranging from 1.5 to 6 
g/kg/d by continuous intravenous infusion, also resulted in 
the stimulation of gamma-globin synthesis, with the 
percentage of HbF-containing reticulocytes (F 
reticulocytes) approaching 30%. Surprisingly, a 
dose-response effect of acetate on HbF induction* was 
not observed in the baboons, and HbF induction* was not 
sustained with prolonged acetate administration. 
These results suggest that both two-carbon fatty 
acids (acetate) and four-carbon fatty acids (butyrate) 
stimulate synthesis of HbF in vivo. 
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Butyric acid increases * fetal* * hemoglobin* synthesis 
in adult animals and in erythroid cells in culture and 
*induces* the *gamma* -globin gene promoter in 
transient expression experiments in K562 cells 
(McDonagh KT, Nienhuis AW, Blood 78:255a, 1992 
[abstr, suppl 1]). We compared the effect of butyrate 
and other short-chain carboxylic acids in transient 
expression studies with K562 cells using an expression 
plasmid bearing a luc if erase reporter gene driven by 
the normal human A gamma-globin gene promoter, 
Butyrate (4 carbons) increased the activity of the human 
A gamma-globin gene promoter up to 123 times. Marked 
augmentation of the normal gamma-promoter activity was 
also noted with 5-carbon valeric acid (up to 394 times) 
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and 3-carbon propionic acid (up to 129 times). The 
branched isobutyric acid as well as phenylacetate 
showed less ability to increase promoter activity. 
Addition of the tandemly repeated AP-1/NF-E2 (AP) 
enhancer sequences from hypersensitive site 2 (HS2) 
of the locus control region (LCR) increased 
gamma-promoter activity up to 24 times. Addition of a 
nearby 16-bp conserved motif (CM) in HS2 (Safaya S, 
RiederRF, Blood 78:146a, 1992 [abstr, suppl 1]) to the 
AP-containing plasmid construct further increased 
gamma-promoter activity. In the presence of butyrate, 
the plasmid bearing both the AP and CM sequences 
showed gene expression up to 477 times greater 
than that of the basal gamma-promoter-driven 
lucif erase plasmid in the absence of inducer. A plasmid 
bearing the herpes simplex thymidine kinase promoter 
was also tested and gene expression was markedly 
increased by the same organic acids. MEL cells 
responded to butyrate, valerate, and propionate with 
* induct ion* of hemoglobin synthesis. Responses to 
isobutyrate and 6-carbon caproate required higher 
concentrations of the compounds. Thus, other short-chain 
organic acids as well as butyrate increase 
gamma-promoter activity in the transient expression 
system, and this activity can be further augmented by 
incorporating LCR elements into the expression vector. 
Nonglobin promoters also respond to the same carboxylic 
acids. 
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Intravenous arginine butyrate has been shown to 
increase *f etal* *hemoglobin* (HbF) in sickle cell and 
thalassemia patients. Recently, we observed that sodium 
4-phenylbutyrate, a drug administered orally to treat 
urea cycle disorders, increases HbF production in 
nonanemic children and adults. We treated six subjects 
with sickle cell disease over a period of 14 to 179 days. 
All subjects received their initial therapy of 9 to 13 
g/m2/day as 0.5-g tablets of sodium 4-phenylbutyrate 
as inpatients. All subjects showed a rapid increase in 
the percentage of F-reticulocytes (pretreatment, 1% to 
20%; post treatment, 10% to 44%). Four subjects were 
treated only 11 to 25 days as inpatients. Two of these 
four subjects failed to respond to the outpatient 
component because of their inability to maintain an 
intake of 30 to 40 tablets per day. One subject (C) 
developed a rash at day 10 and discontinued treatment 
at day 14. Another subject (B) was transfused for a 
painful crisis on day 25. Subject A, treated for 179 days, 
has an increased percentage of F cells, from 54% to 
77%, and increased HbF levels, from 10.6% to 18%. 
Subject F, treated for 154 days, has an increased 
percentage of F cells, from 59% to 73%, and an increased 
percentage of HbF, from 10.4% to 16%. All subjects 
showed some increase in weight. Subject A developed 
mild transient ankle edema. Myelotoxicity was not seen 
in any treated patient. Oral administration of 
sodium 4-phenylbutyrate rapidly increases F-cell 
production in sickle cell disease. 
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Evaluation of pharmacologic agents that stimulate 
*fetal* *hemoglobin* production has been done mainly in 
baboons and macaques. We investigated whether results 
in transgenic mice can predict the stimulation of 
*fetal* * hemoglobin* in primates, by testing *gamma* 
globin induction* in response to a new ribonucleotide 
reductase inhibitor, Didox. A transgenic mouse line 
carrying the human A gamma gene linked to a locus control 
region cassette was used. Treatment of transgenic mice 
with Didox resulted in induction* of *gamma* gene 
expression as documented by an increase in F 
reticulocytes and F cells and an elevation of 
gamma/gamma + beta biosynthetic ratio. Similarly, 
administration of Didox to a baboon in the nonanemic and 
chronically anemic state resulted in induction* of 
*gamma* gene expression as shown by increases in F 
reticulocytes, F cells, and Hb F. These results suggest 
that the muLCR-A gamma transgenic mice can be 
used to screen new pharmacologic compounds for 
*gamma* globin *inducibility*. 
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Butyric acid *induces* *fetal* *hemoglobin* (HbF), a 
property of potential therapeutic advantage in patients 
with disorders of globin chain synthesis. We performed 
dose escalation studies of this compound in baboons to 
assess whether clinically significant increases in HbF 
are achievable, and to define the associated toxicities. 
Additionally, the effect of butyrate in combination 
with erythropoietin on HbF induction* was assessed. 
HbF * induct ion* in response to butyrate was dependent 
on the dose and duration of treatment. Doses of butyrate 
less than 4 g/kg/d were associated with minimal 
toxicity (hypokalemia) and significant HbF induction* in 
these nonanemic animals, with 1 g/kg/d producing an 
increase in HbF-containing reticulocytes (F 
reticulocytes) from 0.9% to 8.7% and an increase in 
HbF from 0.8% to 1.4%. A dose of 2 g/kg/d resulted in an 
increase in F reticulocytes from 2.1% to 27.8% and an 
increase in HbF from 0.7% to 2.2%. Doses of 4 g/kg/d 
in another animal produced an increase in F 
reticulocytes from 1% to 21.6% and in HbF from 1.9% to 
5.3%. Infusions in excess of 4 g/kg/d were complicated 
(after a variable amount of time) by a decreased level 
of alertness (caused by hyperosmolality or butyrate 
itself) and hematologic toxicity (with declines in 
reticulocyte, white blood cell, and platelet counts). 
Prolonged infusions of high doses of butyrate (8 to 10 
g/kg/d) were associated with peak F reticulocyte 
percentages reaching 38% to 64.5% and HbF reaching 
levels in excess of 20%. These high doses (8 to 10 
g/kg/d) were complicated in two animals with a striking 
and unique neuropathology picture and, in one animal, 
multiorgan system failure. Erythropoietin in combination 
with butyrate, induced F reticulocytosis in an additive 
manner. We conclude that butyric acid is a strong 
inducer of HbF, particularly when administered in 
combination with erythropoietin. As chronic toxicities 
remain undefined, patients in future clinical trials of this 
and similar compounds should be monitored closely for 
evidence of neurologic toxicity. 
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Physiologic principles underlying the differences in 

* fetal* *hemoglobin* (HbF) * induct ion* between acute 
and chronic states of erythroid expansion are poorly 
understood. Whereas abrupt erythroid expansion is 
characterized by a high proportion of reticulocytes 
coexpressing adult and fetal globin (F reticulocytes), HbF 
levels wane with chronic erythropoietic stimulation. To 
investigate this phenomenon, we used various schedules of 
erythropoietin (epo) administration in primates. Acute 
intravenous epo administration promoted a 2- to 
10-fold preferential * induction* of F reticulocytes 
compared with total reticulocytes. Total reticulocyte and 
F reticulocyte production were significantly correlated 
(correlation coefficient .41 to .74). With chronic epo 
administration, preferential F reticulocyte production 
was lost, and there was no correlation between 
reticulocyte and F reticulocyte production (correlation 
coefficient -.03). The mean percentage of F 
reticulocytes did not change between acute and chronic 
schedules of epo administration. The subcutaneous route 
of high-dose (3,000 U/kg) epo administration was as 
effective as intravenous administration in the 

* induct ion* of HbF. Reticulocyte and F reticulocyte 
responses to increasing epo doses were found to be 
saturable. These results suggest that the kinetics 
rather than absolute levels of reticulocyte and F 
reticulocyte response form the basis for preferential F 
reticulocyte induction* with acute erythropoietic 
stimulation, and they support the hypothesis that F 
reticulocytes arise from a relatively rapid pathway of 
erythroid maturation. 
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There is considerable interest in identifying nontoxic 
differentiation inducers for the treatment of various 
malignant and nonmalignant blood disorders, including 
inborn beta-chain hemoglobinopathies. Using the human 
leukemic K562 cell line as a model, we explored the 
efficacy of phenylacetate, an amino acid derivative 
with a low toxicity index when administered to humans. 
Treatment of K562 cultures with pharmacologically 
attainable concentrations of phenylacetate resulted 
in erythroid differentiation, evident by the reduced 
growth rate and increased hemoglobin production. The 
effect was time- and dose-dependent, further 
augmented by glutamine starvation (phenylacetate is 
known to deplete circulating glutamine in vivo), and 
reversible upon cessation of treatment. Molecular 
analysis showed that phenylacetate * induced* *gamma* 
globin gene expression with subsequent accumulation of 
the fetal form of hemoglobin (HbF). Interestingly, the 
addition of phenylacetate to antitumor agents of clinical 
interest, eg, hydroxyurea and 5-azacytidine, caused 
superinduction of HbF biosynthesis. The results suggest 
that phenylacetate, used alone or in combination with 
other drugs, might offer a safe and effective new 
approach to treatment of some hematopoietic neoplasms 
and severe hemoglobinopathies. 
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In the past 8 years, it has become apparent that some 
cytotoxic drugs that interfere with DNA replication can 
reprogram erythroid progenitors to switch from adult 
hemoglobin to *fetal* *hemoglobin* (HbF) production. 
Hydroxyurea has now been shown to substantially 
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increase HbF in patients with sickle cell anemia. Since 
HbF interferes with sickle hemoglobin polymerization, 
hydroxyurea may become an important therapeutic agent 
for patients with sickle cell anemia. 
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A combination of DEAE-cellulose chromatography 
and reversed-phase high-performance liquid 
chromatography (HPLC) has been used to devise a 
method for generating large quantities of embryonic as 
well as fetal globin chains. The identity of these globin 
chains was further confirmed by their tryptic peptide 
mapping. This technique could, therefore, provide a 
reliable source for these polypeptides for both 
analytical and immunological purposes. Moreover, the 
study of human hemoglobin switching, particularly 
embryonic to fetal, has been greatly hampered by the 
absence of a suitable model. K562 cells, due to their 
potential for differential induction* of embryonic and 
*f etal* *hemoglobin* synthesis, can thus be used for this 
purpose and the various hemoglobins produced can then 
be effectively monitored using this method. 
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All pharmacologic agents that * induce* *fetal* 
*hemoglobin* (Hb) have been discovered with in vivo 
studies of humans, macaques, and baboons. We tested 
whether transgenic mice carrying human fetal (gamma) 
globin genes provide a model for studying the 
pharmacologic induction* of HbF in the adult. In initial 
studies, phenylhydrazine- induced hemolytic anemia, 
5-azacytidine, butyrate, or combinations of these 
treatments failed to activate the human gamma-globin 
gene in a transgenic mouse line carrying a 4.4-kb G 
gamma globin gene construct that is expressed only in 
the embryonic stage of mouse development. Subsequently, 
adult mice carrying the human A gamma gene linked to 
the locus control region (LCR) regulatory sequences and 
expressing heterocellularly HbF (about 25%, 
gamma-positive cells) were used. Treatments with 
erythropoietin, 5-azacytidine, hydroxyurea, or butyrate 
resulted in * induction* of *gamma* gene expression as 
documented by measurement of F-reticulocytes, the 
gamma/gamma + beta biosynthetic ratio and the level 
of steady state gamma mRNA. Administration of 
erythropoietin or butyrate to transgenic mice carrying a 
muLCR-beta (human) globin construct, failed to increase 
human beta-globin expression. These results suggest 
that the muLCR-A gamma transgenic mice provide a new 
model for studying the * induct ion* of *fetal* Hb in the 
adult. 
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Cultures of peripheral blood or bone marrow erythroid 
progenitors display stimulated production of *f etal* 
*hemoglobin* . We investigated whether this stimulation 
is due to factors contained in the sera of the culture 
medium. Comparisons of gamma/gamma + beta 
biosynthetic ratios in erythroid colonies grown in fetal 
calf serum (FCS) or in charcoal treated FCS (C-FCS) 
showed that FCS-grown cells had significantly higher 
gamma/gamma + beta ratios. This increase in globin chain 
biosynthesis was reflected by an increase in relative 
amounts of steady-state gamma-globin mRNA. In 
contrast to its effect on adult cells, FCS failed to 
influence gamma-chain synthesis in f etat burst forming 
units-erythroid (BFU-E) colonies. There was a high 
correlation of gamma-globin expression in paired cultures 
done with C-FCS or fetal sheep serum. Dose-response 
experiments showed that the * induct ion* of *gamma* 
-globin expression is dependent on the concentration 
of FCS. These results indicate that FCS contains an 
activity that * induces* *gamma*-globin expression in 
adult erythroid progenitor cell cultures. 
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During the last several years, studies in humans and 
experimental animals have identified several 
compounds that *induce* *fetal* *hemoglobin* in 
the adult. These include: cell-cycle-specific drugs, other 
cytotoxic drugs, butyric acid analogs, and erythropoietin. 
Several of these compounds * induce* *fetal* 
*hemoglobin* indirectly by triggering kinetics of rapid 
erythroid regeneration. High doses of erythropoietin 



increase the frequency of erythroid progenitors 
programmed to hemoglobin F. This results in transient 
increases of hemoglobin F-containing cells (F cells) in 
the peripheral blood. Erythropoietin and hydroxyurea 
increase F cells in a cooperative fashion. Although high 
doses of erythropoietin can induce F cell production in 
humans, the practical relevance of such observations is 
unclear 
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To obtain information on the cellular mechanism of 
induction* of *fetal* *hemoglobin* (HbF) by sodium 
butyrate (NaB), we treated adult baboons with NaB and 
assessed its effects on HbF expression. Infusion of NaB 
increased F reticulocytes and F-positive CFUe and 
e-cluster colonies without induction* of reticulocytosis 
or increase in progenitor cell numbers. Addition of NaB in 
bone marrow cultures increased the frequency of 
F-positive CFUe and e-c lusters without increasing 
progenitor cell numbers. NaB induced HbF in human adult 
BFUe cultures and increased the gamma/gamma + beta 
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globin chain and mRNA ratios in short-term 
incubations of culture-derived erythroblasts. There was 
a synergistic induction* of HbF by NaB and 
5-azacytidine (5-azaC), but not when the animal was 
treated with NaB and cytarabine (AraC). Our results 
suggest that the activation of gamma-globin expression 
by NaB reflects an action of this compound on globin 
genes or globin chromatin. 
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5-Azacytidine and several of its analogues are known 
to inhibit DNA methylation, alter gene expression, and 
inhibit cell growth. We report a Phase II study in which 
we investigated the antineoplastic activity of 
5,6-dihydro-5-azacytidine and its * induction* of 
*fetal* *hemoglobin* synthesis when given by a 5-day 
continuous i.v. infusion of 1650 mg/m2/day that was 
repeated every 21 days. * Fetal* * hemoglobin* was 
measured in all patients; increased synthesis was found 



in 13 of the 17, in the absence of clinically significant 
anemia. Of the four patients who did not develop 
increased *fetal* *hemoglobin* , three had only one 
cycle of therapy. Fourteen patients with bronchogenic 
carcinoma were treated, and ten were evaluable for 
disease response. Five patients had disease stability of 2 
or more mo, and five progressed on treatment. Three 
additional patients with mesothelioma were treated, and 
the two who were evaluable for disease response had 
stabilization of their disease. Fifteen of the 17 
patients who received 5,6-dihydro-5-azacytidine 
developed a pleuritic-type chest pain, 12 had abnormal 
electrocardiograms, and four developed positive 
anti-nuclear antibodies. No significant hemopoietic, 
hepatic, or renal toxicities were observed. This study 
demonstrates that 5,6-dihydro-5-azacytidine in the dose 
and schedule used has no significant therapeutic 
activity in the treatment of lung cancer but does 
possess an unusual spectrum of clinical toxicities as 
well as the property of * inducing* *fetal* 
*hemoglobin* synthesis. 
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Arabinosylcytosine, a compound that inhibits DNA 
synthesis in rapidly dividing cells, stimulates *fetal* 
*hemoglobin* in adult baboons and produces significant 
perturbations in the pools of erythroid progenitors. 
It appears that changes in the kinetics of erythroid 
cell differentiation rather than direct action on the 
gamma genes underlie stimulation of *f etal* 
*hemoglobin* in the adult animals in vivo. These results 
also suggest that chemotherapeutic agents selected for 
their low carcinogenic or mutagenic potential could be 
used for therapeutic * induction* of *fetal* 
* hemoglobin* in patients with sickle cell anemia. 
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By use of a newly developed technique combining 
affinity chromatography of hemoglobin on 
haptoglobin-Sepharose and IEF of globin chains, we 
analyzed the globin synthetic pattern of human K562 cells 
in both the basal state and after addition of several 
potential inducers. Hemin only was found effective: its 
addition at 50 microM results in a quantitative increase 
of globin chain synthesis (from 0.3 to 1% up to 5%) 
and a qualitative "switch" with a striking increase of 
alpha and a decrease of epsilon and zeta chains 
(relative to the prevailing gamma chains). This system, in 
which hemin induces changes that mimic to some extent 
the normal embryonic-fetal switch, might therefore 
provide a cellular model for investigating molecular 
mechanisms of globin gene regulation. In addition similar 
results were obtained with a different human myeloid 
leukemia cell line, the KG1, thus raising the possibility 
that the expression of embryonic globin genes in 
malignant cells might not be simply the consequence 
of abnormal gene expression but rather reflect a 
possibly physiological differentiation phenomenon. 
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The hemoglobins synthesized by the pluripotent K-562 
leukemia cell line of human origin after induction* 
with hemin have been isolated by DEAE-cellulose 
chromatography and characterized by electrophoresis, 
high pressure liquid chromatography, and a 
radioimmunological assay. Six hemoglobin zones have 
been observed with the following likely compositions. Zone 
1: alpha 2 epsilon 2, or HB Gower-2; zone 2: zeta 2 
epsilon 2, or HB Gower-1; zone 3: zeta 2 gamma 2, or HB 
Portland-I; zone 4: Hb F, or alpha 2 gamma 2; zone 5: a 
mixture of acetylated HB Portland-I and Hb F; zone 6: 
Hb Bart's, or gamma 4. The embryonic Hbs (zones 1, 
2, and 3) constituted 50%-75% of the total Hb present; 
the quantities varied from one experiment to the other. 
Both Hb Gower-1 and Hb Gower-2 were present. The 
gamma chain was heterogeneous and contained the G 
gamma, A gamma I, and A gamma T types in a ratio of 
about 4:2:1, indicating a heterozygosity for the He leads 
to Thr substitution at position gamma 75. The 
methodology used can be applied for additional studies 
evaluating quantitative changes in Hb types due to in vitro 
manipulations. 
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PURPOSE: To determine whether dietary- induced 
alterations in the long-chain polyunsaturated fatty acid 
content of retinal rod outer segments (ROS) of P23H 
rats, a transgenic model of retinitis pigmentosa (RP), 
prolongs photoreceptor cell life. METHODS: 
Heterozygous P23H and normal Sprague-Dawley rats 
were fed a standard house diet or a diet deficient in 
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18:3n-3. Diet-deficient rats were given supplements of 
either linseed oil (high in 18:3n-3) or fish oil (high in 
20:5n-3). ROS fatty acid profiles and serum fatty acids 
were determined by gas chromatography. Serum 
cholesterol was evaluated by HPLC. Retinal damage was 
assessed by measuring whole-retina rhodopsin and DNA 
content before and after exposure to high-intensity 
light. RESULTS: The retinas of 60 day old, 
eye lie- light-reared, P23H transgenic rats contained 50% 
of the rhodopsin and 75% of the DNA content found 
in control Sprague-Dawley rats. Eight hours of intense 
light had little effect on the rhodopsin or DNA content in 
the Sprague-Dawley rats, but resulted in rhodopsin and 
DNA losses of nearly 70%, compared to controls, in 
P23H animals fed either a standard or an 
18:3n-3-def icient diet. Supplementation with linseed oil 
resulted in small, statistically insignificant, increases in 
the rhodopsin and DNA losses, which occurred after 
exposure to intense light, in P23H transgenics. In 
unexposed animals, supplementation with linseed oil or 
fish oil had no effect on either rhodopsin or DNA levels 
in P23H rats or in Sprague-Dawley controls. On standard 
diet, the ROS 22:6n-3 (DHA) content in P23H rats was 
lower than that of control animals. DHA decreased in 
both groups when an 18: 3-def icient diet was fed. The 
reduction was greater in controls than in P23H 
transgenics, but a concomitant increase in 22:5n-6 was 
nearly the same in both groups. Supplementation of the 
18: 3-def icient diet with linseed oil or fish oil in P23H rats 
resulted in a ROS fatty acid profile comparable to that 
of Sprague-Dawley rats raised on a standard diet. 
Serum DHA and 22:5n-6 levels were low in both groups. 
No significant differences in serum cholesterol were 
observed as a function of genotype or diet. 
CONCLUSIONS: Heterozygous P23H rats are capable 
of forming ROS DHA from dietary fatty acid precursors 
found in linseed oil (18:3n-3) or fish oil (20:5n-3). Under 
all dietary conditions, P23H transgenics are highly 
susceptible to retinal damage from exposure to intense 
light. Although levels of DHA in the ROS of P23H rats 
could be altered by dietary manipulation, only small 
changes in *photoreceptor* *cell* *survival*, as 
measured by whole-retina rhodopsin and DNA content, 
were observed. The lower-than-normal levels of ROS DHA 
may reflect an adaptive, possibly protective, mechanism in 
the P23H transgenic rat model of RP. 
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The potential use of in vitro-expanded precursor cells 
or cell lines in brain repair includes transplantation of 
such cells for cell replacement purposes and the 
activation of host cells to provide 'self-repair'. 
Recently, it has been reported that the immortalized 
brain-derived cell line RN33B (derived from the 
embryonic rat medullary raphe) survive, integrate and 
differentiate after subretinal grafting to normal adult 
rats. Here, it is demonstrated that grafts of these cells 
survive for at least 6 weeks after implantation into 
postnatal days 21 and 35 retinas of normal and Royal 
College of Surgeons rats, a model of retinal 
degeneration. Implanted cells integrate into the retinal 
pigment epithelium and the inner retinal layers, and the 
anterior part of the optic nerve of both normal and Royal 
College of Surgeons rats. The RN33B cells migrate within 
the retina, occupying the whole retina from one 
eccentricity to the other. A significant number of the 
grafted cells differentiate into glial cells, as shown by 
the double labelling of the reporter genes LacZ or 
green fluorescent protein, with several glial markers, 
including oligodendrocyte markers. Many implanted cells 
in the host retina were in a proliferative stage judging 
from proliferative cell nuclear antigen and SV40 large 
T-antigen immunohistochemistry. Interestingly, there 
was a promotion of photoreceptor survival, extending 
over more than 2/3 of the superior hemisphere, in 
Royal College of Surgeons rats transplanted at postnatal 
day 21, but not at postnatal day 35. In addition, grafted 
cells were found in the surviving photoreceptor layer in 
these rats. 
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The role of the carboxyl-terminal domain in 
rhodopsin transport was investigated using transgenic 
mice expressing a rhodopsin truncation mutant lacking the 
terminal 15 amino acids (S334ter). It was previously 
shown that S334ter translocates to the outer segment 
in the presence of endogenous rhodopsin. We now show 
that in the absence of endogenous rhodopsin S334ter 
mis-localizes to the plasma membrane and fails to 
reconstitute outer segment structures. Surprisingly, 
this mis-localization does not affect *photoreceptor* 
*cell* *survival* . These results provide further 
evidence on the important role of the COOH-terminal 
domain in rhodopsin trafficking and demonstrate an 
absolute requirement of this domain for correct vectorial 
transport of rhodopsin in rod photoreceptors. 
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PURPOSE: Previous studies have suggested that 
galectins may be involved in retinal adhesion and 
*photoreceptor* *cell* *survival*. To elucidate the 
underlying mechanisms, the authors isolated retinal 
galectins, determined their types and distributions, and 
investigated the validity of the hypothesis, using rat 
models. METHODS: An antibody was prepared against a 
bovine retinal lectin that was isolated by use of a 
lactose-agarose column. cDNA of the lectin was isolated 
by screening of a bovine retinal cDNA library, using the 
antibody, and then was sequenced. The cDNAs of rat 
retinal galectins were also isolated by means of 
polymerase chain reaction and used to produce an 
antibody against recombinant galectin-3. Using the 
described antibodies, the authors examined the 
distributions of galectins in bovine and rat retinas, 
morphologic changes of rat retinas induced by the 
antibodies, and distributional changes of galectins in 
constant-light-exposed rat retinas. RESULTS: The 



cDNAs of bovine galectin-1, rat galectin-1, and rat 
galectin-3 were isolated. Galectin-1 was found in 
various regions, including the retinal pigment epithelium, 
outer limiting membrane, and outer plexif orm layer in 
bovine and rat retinas. Galectin-3 was increasingly 
detected in the cytoplasm of Muller cells after 
constant light exposure after an increase in its 
transcript. Retinal detachment and vacuolation of the 
outer plexif orm layer were induced in rat eyes by 
intravitreous injection of the anti-galectin-1 antibody. 
CONCLUSIONS: Galectin-1 may be involved in 
adhesion of the photoreceptor and outer plexiform 
layers by interacting with glycoconjugates with 
beta-galactoside residues in the inter photoreceptor 
matrix and synaptic cleft matrix. Galectin-3 may 
increase in Muller cells of a degenerative rat retina, 
probably through endogenous anti-apoptosis. 
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Proteins in media conditioned by retinal pigment 
epithelial cells (RPE-CM) and an antibody against these 
proteins (RPE-SP) were tested for their respective 
effects on rat retinal development in vitro and in vivo. 
Proteins of RPE-CM were separated in denaturing gels 
and evaluated by Western blot analysis. Retinal explants 
from postnatal day 2 (P2) rats were cultured in RPE-CM 
only or CM diluted with the RPE-SP antibody and, after 7 
days, the explants were dissociated into single cells 
that were immunostained for opsin. RPE-CM or 
antibody was also injected into the vitreous of postnatal 
day 7 (P7) Long-Evans rats and analyzed 7 and 21 days 
later. Electrophoretic analysis of RPE-CM predominantly 
showed 60-70 kDa proteins; when these proteins were 
probed with RPE-SP antibody by Western blot, 
immunoreactive proteins were restricted to this 
narrow molecular weight range. In P2 retinal explant 
cultures supplemented with RPE-CM, long ganglion 
eel I- 1 ike neu rites were detected in 3 days. This activity 
was nullified in explant cultures grown in RPE-CM 
titrated with antibody, and these explants appeared to 
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degenerate within 5 days. Over 80% of dissociated 
retinal cells from explants 7 days after treatment with 
RPE-CM expressed opsin, compared to only 20% of 
cells from explants grown in defined medium or serum. 
Retinas of P14 rats injected intravitreally with RPE-CM 
at P7 had increased numbers of ectopic photoreceptor 
cells within the inner nuclear layer when compared to 
retinas of sham-injected eyes. In contrast, retinas of 
eyes injected intravitreally with RPE-5P antibody 
exhibited shorter outer (OS) and inner (IS) segments 
and thinner outer nuclear (ONL) and outer plexiform 
(OPL) layers than retinas of sham- injected eyes. In 
conclusion, proteins in RPE-CM appeared to accelerate 
and maximize the development of rat photoreceptor 
cells in vitro, white intravitreal injections of its 
antibody caused an apparent retardation of outer 
segment maturation. These results suggest that a 
protein(s) secreted by RPE plays a key role in normal 
retinal development, particularly in *photoreceptor* 
*cell* *survival* and outer segment maturation. 
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The Drosophila retinal degeneration B (rdgB) gene 
encodes an integral membrane protein involved in 
phototransduction and prevention of retinal degeneration. 
RdgB represents a nonclassical phosphatidylinositol 
transfer protein (PITP) as all other known PITPs are 
soluble polypeptides. Our data demonstrate roles for 
RdgB in proper termination of the phototransduction light 
response and dark recovery of the photoreceptor cells. 
Expression of RdgB's PITP domain as a soluble protein 
(RdgB-PITP) in rdgB2 mutant flies is sufficient to 
completely restore the wild-type electrophysiological 
light response and prevent the degeneration. However, 
introduction of the T59E mutation, which does not 
affect RdgB-PITP's phosphatidylinositol (PI) and 
phosphatidycholine (PC) transfer in vitro, into the 



soluble (RdgB-PITP-T59E) or full-length (RdgB-T59E) 
proteins eliminated rescue of retinal degeneration in 
rdgB 2 flies, while the light response was partially 
maintained. Substitution of the rat brain PITPalpha, 
a classical PI transfer protein, for RdgB's PITP 
domain (PITPalpha or PITPalpha-RdgB chimeric protein) 
neither restored the light response nor maintained 
retinal integrity when expressed in rdgB2 flies. 
Therefore, the complete repertoire of essential RdgB 
functions resides in RdgB's PITP domain, but other PITPs 
possessing PI and/or PC transfer activity in vitro 
cannot supplant RdgB function in vivo. Expression of 
either RdgB-T59E or PITPalpha-RdgB in rdgB+ flies 
produced a dominant retinal degeneration phenotype. 
Whereas RdgB-T59E functioned in a dominant 
manner to significantly reduce steady-state levels of 
rhodopsin, PITPalpha-RdgB was defective in the ability 
to recover from prolonged light stimulation and caused 
photoreceptor degeneration through an unknown 
mechanism. This in vivo analysis of PITP function in a 
metazoan system provides further insights into the links 
between PITP dysfunction and an inherited disease in a 
higher eukaryote. 
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PURPOSE: We have previously shown that transplants of 
normal rat neonatal RPE cells rescued photoreceptor 
cells in retinas of Royal College of Surgeons (RCS) 
dystrophic rats for up to one year. In this study, we 
investigated the photoreceptor rescue effects in RCS 
rats within the first three weeks following 
transplantation in an attempt to determine if RPE 
transplants initiate repair mechanisms, specifically, 
outer segment (OS) regeneration. METHODS: Freshly 
isolated RPE cells from neonatal pigmented Long Evans 
rats were transplanted into the subretinal space of 
22-23 day-old RCS rats using a transscleral approach. 
For controls, vehicle was similarly injected. RESULTS: 
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When analyzed at 10 days post-transplantation, long 
inner segments were observed with short buds of outer 
segment growth in the area of the RPE-cell 
transplants. The outer segments were of insufficient 
length to be measured at 10 days, but by 14 and 21 days, 
OS were 2.02 +/- 0.32 microns and 18.80 +/- 2.78 
microns, respectively. In vehicle-injected retinas from 
10 to 21 days postsurgery, outer segments were not 
observed and the inner segments were three-fold 
shorter than in RPE-transplanted retinas. At 10 days 
post-transplantation, most RPE cells were seen in the 
subretinal space, but a few had attached to Bruch's 
membrane; however, by 21 days, many of the 
transplanted RPE cells had attached to Bruch's 
membrane, although a few were found free in the 
subretinal space. CONCLUSIONS: This study has 
shown that transplants of normal rat neonatal RPE cells 
have the capacity to support not only *photoreceptor* 
*cell* *survival* but also initiate early repair 
mechanisms as exhibited by outer segment 
regeneration in RCS retinas. These results also 
conclusively show the important role that the RPE plays in 
outer segment growth and maturation. 
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PURPOSE: Fully mature neurons of central nervous 
system origin generally are considered unable to 
survive for extended periods of time in simple culture 
conditions. The authors report that adult and aged human, 
porcine, and rodent retinal neurons, including rod and 
cone photoreceptors, constitute an exception to this 
idea. METHODS: Cells were dissociated from human 
postmortem retinas, adult mammalian retinas, and 
selected brain regions and were seeded into tissue 
culture plates and left to develop as monolayer cultures 
for up to 2 months. A battery of antibody markers was 
used to identify the nature and morphology of the cells in 
vitro. RESULTS: *Photoreceptor* *cell* *survival* of 
rods and cones was observed routinely when the delay 
between the time of death until culture preparation was 
50 hours or less, compatible with current eye bank 



practice. Two-week-old cultures were formed of rod 
photoreceptors, representing approximately 50% of 
neuronal cell types; cone photoreceptors, representing 
5% to 30% of neuronal cell types; other retinal 
neurons (especially amacrine cells approximately 20%); 
and retinal glial cells, present in variable numbers. Glial 
cells were essential for long-term photoreceptor survival 
and neurite outgrowth. Adult mammalian brain neurons 
isolated under the same conditions did not survive. 
CONCLUSIONS: Fully adult human and other mammalian 
retinal neurons, including photoreceptors, exhibit 
remarkable plasticity in vitro, and such monolayer models 
may have applications in physiological, pharmacologic, 
and toxicologic studies of human and other mammalian 
retina. 
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Calphotin is a Drosophila photoreceptor cell-specific 
protein expressed very early in eye development, at the 
time when eel I- type decisions are being made. Calphotin is 
a very hydrophobic and proline-rich protein which lacks 
obvious transmembrane domains. The cDNA encoding 
Calphotin was mapped to a region removed by a set of 
existing chromosomal deletions. Mutations that alter 
photoreceptor cell structure and development were 
isolated that fail to complement these deletions. These 
mutations fall into two classes. Class I mutations alter 
the structure of the rhabdomere, a photoreceptor cell 
organelle specialized for phototransduction. Class II 
mutations have rough eyes, due to misorientation of the 
rhabdomeres and photoreceptor cell death. 
Transformation rescue of these phenotypes in 
transgenic flies bearing calphotin genomic DNA indicates 
that both classes of mutations are in the calphotin gene. 
Analysis of these mutations suggest that Calphotin plays 
important roles in both rhabdomere development 
and in *photoreceptor* *cell* *survival*. 
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This study assessed the effects of transplants of 
freshly isolated or cultured (ie. passaged) retinal 
pigment epithelial (RPE) cells from neonatal and adult 

normal and RCS pigmented dystrophic rats on 
*photoreceptor* *cell* *survival* in retinas of 
22-26-day-old pink-eyed RCS dystrophic rats. We 
determined that retinas of 2-month-old RCS rats 
transplanted at 26 days with RPE cells of adult RCS rats 
did not support *photoreceptor* *cell* *survival* above 
that seen in sham or nontreated control RCS retinas, 
as outer nuclear layer (ONL) thicknesses were not 
significantly different (10.0 +/- 1.31 microns, 11.7 +/- 4.04 
microns and 9.42 +/- 1.88 microns, respectively). 
Surprisingly, in this same transplant group, RPE 
transplants from neonatal RCS dystrophic rats were 
able to promote *photoreceptor* *cel I* *survival* 
similar to that seen in transplants of neonatal Long 
Evans rats, as evidenced by similar ONL thicknesses 
(34.4 +/- 3.16 microns and 33.6 +/- 6.03 microns, 
respectively), but the rescue effect quickly diminished. 
However, in retinas of 22-26-day-old RCS rats 
transplanted with RPE cells from adult Long Evans rats, 
the level of photoreceptor cell rescue was approximately 
48% (ONU 19.6 +/- 2.79 microns), when compared to 
retinas transplanted with RPE cells from neonatal 
Long Evans rats, but significantly greater than that 
caused by transplants of RPE cells from adult RCS 
rat s.( ABSTRACT TRUNCATED AT 250 WORDS) 
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In the present study we have investigated 
retinal pigment epithelium-photoreceptor cell 
interactions in vitro, and their contributions to 
*photoreceptor* *cell* *survival* and differentiation. 
Preparations enriched for intact photoreceptor cells from 
neonatal rat retina were grown in either serum-free 
medium supplemented with RPE-conditioned medium 
(RPE-CM) or in serum-free medium alone. A variety of 
substrate conditions were tested for the best neurite 
outgrowth. Cultures were monitored for 7 days by light 
and electron microscopy, as well as by opsin, vimentin 
and carbonic anhydrase-C immunocytochemistry. RPE-CM 
was found to stimulate both proliferation of flat 
cells and photoreceptor differentiation. The number 
of photoreceptors bearing neurites and their neurite 
length measurements showed significant differences 
between the RPE-CM group and the control group within 
20 hr in culture. Elimination of contaminating flat cells 
by the addition of an antimitotic drug prevented 
photoreceptor cell morphological maturation; however, 
these cells survived as round cell bodies without 
processes for at least 10 days in the presence of 
RPE-CM and expressed opsin during this period. 
Conditioned medium from the flat-cell monolayers did 
not support photoreceptor differentiation or their 
survival. However, the presence of flat cells was a 
requisite to achieve any neurite outgrowth even in the 
presence of RPE-CM. In the absence of RPE-CM, 
neither photoreceptors nor flat cells survived or 
proliferated. Heat and trypsin treatment of the RPE-CM 
abolished all its growth-supporting activities which 
indicates its proteinaceous nature. This represents the 
first time in vitro that an RPE-derived factor(s) has 
been shown to be responsible f or *photoreceptor* 
*cell* *survival* and differentiation. 
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Retinas of Royal College of Surgeons (RCS) 
dystrophic rats undergo a dramatic loss of 
photoreceptor cells as a result of defective retinal 
pigment epithelial (RPE) cells. These retinas are 
therefore a valuable model in the investigation of the 
role of the RPE on *photoreceptor*- *cell* *survival* 
and development. Also, rat retinas damaged by excessive 
light serve as a suitable environment to study survival 
of transplanted photoreceptor cells. Even though 
photoreceptor cells are lost in these retinas, a normal 
inner retinal structure is retained. Both models have 
recently been used in successful RPE-cell and/or 
photoreceptor-cell transplantation studies designed to 
replace defective or lost cells due to retinal disease or 
damage. These new approaches in the field of retinal 
transplantation offer unique and novel opportunities for 
the development of possible therapeutic strategies in 
human eye disease, and for improving our understanding 
of the normal relationships between retinal cells. 
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The effects of macrophage transplants on 
*photoreceptor* *cell* *survival* in retinas of Royal 
College of Surgeons (RCS) dystrophic rats were 
contrasted with RPE-cell transplants, sham- inject ion and 
surgical controls. The effects of these different 
treatments on the thickness and total area of the 
outer nuclear layer (ONL) were evaluated by light and 
electron microscopy at 1, 2 and 5 months after 
transplantation or surgical manipulations. Macrophage 
transplants into dystrophic retinas, although 
significantly reducing the debris zone thickness (p less 
than 0.01), had little effect on *photoreceptor* *cell* 
*survival* (2-3 cells thick ONL) after two months. In 
contrast, two months after RPE-cell transplantation, 



retinas exhibited an 8-10 cell thick ONL Also, inner and 
outer segments of rescued photoreceptor cells were 
present, especially in areas directly beneath RPE-cell 
transplants. At the same time period, retinas injected 
with saline had a 2-3 cell thick ONL with no organized 
inner or outer segments. Furthermore, the 
affected ONL area in macrophage-transplanted or 
saline- injected retinas was significantly smaller than 
that seen in RPE-cell transplanted retinas (p less than 
0.0001). Surviving photoreceptor cells were found only 
in the RPE-cell transplanted retinas five months 
after treatment. No effect on *photoreceptor* *cell* 
*survival* was seen in saline- injected, needle- inserted or 
incision-only retinas. Thus, transplantation of healthy RPE 
cells is an effective long-term therapeutic approach to 
correct the genetic defect in retinas of RCS dystrophic 
rats. 
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We have determined the genomic organisation of the 
human chordin gene, CHRD, and have shown that it maps 
within a gene cluster at 3q27 containing THPO 
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(thrombopoietin), CLCN2 (a voltage-gated 
chloride-channel gene) and EIF4G1 (a eukaryotic 
translation-initiation-factor-gamma gene). The CHRD and 
THPO genes are very close neighbours and are 
transcribed from opposing DNA strands from 
promoters that are spaced less than 2 kb apart. We 
considered that the CHRD gene and the 
chordin-regulating GSC (goosecoid) gene could be 
candidate genes for *Cornelia* *de* *Lange* syndrome 
(CDLS), a developmental malformation syndrome which is 
primarily characterised by mental handicap, growth 
retardation, distinctive facial features and 
limb-reduction defects. CDLS patients typically occur 
as sporadic cases, but several reports have suggested 
dominant inheritance. The candidacy of the CHRD and 
GSC genes was supported by several lines of evidence: 
prior evidence for a CDLS gene at 3q26.3-q27; a report 
suggesting a significant association between CDLS and 
thrombocytopenia; suspected genetic heterogeneity in 
CDLS; location of the GSC gene in close proximity to a 
14q32 breakpoint detected in a CDLS patient with a 
balanced de novo translocation; known regulation of 
chordin*express ion* by goosecoid; and the pattern of 
embryonic *expression* of the mouse GSC gene. 
Another candidate gene at 3q27, SOX2, was also 
considered because of its suspected role as a 
transcription factor in early development and because of 
known examples of SOX genes that are loci for 
dominantly inherited developmental disorders. However, 
mutation screening failed to identify CDLS 
patient-specific mutations in CHRD, GSC or SOX2. 
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Colonic volvulus in children is a rare, but serious and 
important differential diagnosis in acute abdominal 
illness. Our patient with *Cornelia* *de* *Lange*'s 
syndrome, was admitted with an acute onset of abdominal 
pain and in a critical condition. Explorative laparotomy 



revealed a caecal volvulus with necrosis of the distal 
ileum, caecum and proximal colon. The syndrome is 
characterized by typical facial *expression* , both 
growth and mental retardation, and various 
gastrointestinal and cardiac anomalies. Predisposing 
factors contributing to volvulus in this syndrome are 
mental retardation and a higher incidence of malrotation 
and nonf ixation of the caecum and ascending colon. The 
parents of children with *Cornelia* *de* *Lange*'s 
syndrome should therefore be counselled so that they 
are able to provide essential information in the event of 
their children experiencing acute illness. 
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Homeodomain (HD) proteins are transcription 
regulators controlling a variety of cell fates. The HD 
region characterizing this protein family is a domain of 
60 amino acid residues that recognizes and binds a site in 
the regulatory region of the target gene. It has been 
suggested that regions outside the HD may determine 
the specific functions of the various HD proteins by 
forming additional contacts with DNA sequences or 
by interactions with other proteins. We have identified a 
14 amino acid motif within the C-terminal region of the 
protein encoded by the RIEG1 gene that is conserved 
among several HD proteins. Overlapping *expression* of 
the genes encoding these proteins during craniofacial 
development suggested that they might interact with a 
common factor. In order to identify additional genes 
possessing this motif we screened a human craniofacial 
cDNA library with oligoprobes. A novel gene was 
identified, exhibiting the most homology to murine 
Ogl2x (formerly OG12) and the recently reported human 
SHOX gene. Human OG12X and murine Ogl2x are highly 
homologous and the OG12X and Ogl2x proteins are 100% 
identical. In situ hybridization on mouse embryos ranging 
from 9 to 16 days post-coitum localized murine Ogl2x 
mRNA in the heart, otic region, maxillary and mandibular 
components of the first branchial arch, nasal processes, 
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eyelid, midbrain, medulla oblongata, limbs, dorsal root 
ganglia and genital tubercle. OG12X was mapped to human 
chromosome 3q22-26 and murine Ogl2x to the 
syntenic region on mouse chromosome 3. Based upon the 
*expression* pattern of its mouse cognate, OG1 2X 
represents a candidate for the blepharophimosis 
(BPES) and *Cornelia* *de* *Lange* syndromes 
previously mapped to this region. 
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